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ABSTRACT 
 
A recent study into the abattoir and rendering sector in City West Water (CWW)’s 
area suggested that biogas production from anaerobic digestion (AD) should be considered as 
a cleaner production opportunity, through the processing of wastes into energy and high-grade 
fertilisers. Many abattoirs, renderers and food manufactures have installed screens and 
dissolved air flotation (DAF) units to comply with CWW’s controlled trade waste 
concentration limits. The installation of screens and DAF units resulted in large quantities of 
screenings and sludge, which are then transported to a landfill for disposal. Hence, the aims of 
this Masters were to investigate the potential of different wastes for biogas production and to 
evaluate selected AD processes, as alternative technologies for the treatment of these wastes. 
The criteria for AD processes evaluation included, biogas quantity and quality, digestate and 
supernatant quality. Process configurations studied included batch, conventional (i.e. single 
stage, mesophilic), two-stage AD (TSAD) and two-phase AD (TPAD). The processes were 
monitored for the effect of operation factors such as organic loadings, temperature and 
hydraulic retention time (HRT). The wastes investigated were collected from two meat 
industries, Industry A and Industry B. The wastewater generated on each site was treated 
using a DAF unit where the DAF-supernatant is discharged to the sewer and the DAF-sludge 
is dewatered and transported to landfill. The wastes investigated for biogas production 
potential (BPP) were primarily the raw wastewater, namely pre-DAF and the DAF-sludge. 
 
Initially, the optimum biogas production potential for pre-DAF, DAF-sludge, DAF-
supernatant and DAF-mixture was determined using batch anaerobic digesters. The digesters 
were fed with Pre-DAF at organic loadings of 1.3 gCOD/gVS. Using the same waste:seed 
ratio, the DAF-sludge was fed into the AD reactors at organic loadings of 7.5 gCOD/gVS and 
0.1 gCOD/gVS when the feedstock was DAF-supernatant. In addition, a set of reactors 
received combined DAF-sludge and DAF-supernatant (DAF mixture) at organic loadings of 
3.8 gCOD/gVS. It was observed that pre-DAF sludge at a loading of 1.3 g COD/gVS 
produced more biogas, in terms of unit volume of biogas per unit mass of volatile solids of 
waste fed into the reactor (i.e. m
3
/kgVS waste), than the other two wastes tested. Also, the 
waste to seed ratio of 30:70 was only suitable for Pre-DAF and DAF-supernatant. 
 
DAF-sludge and paunch generated by industry B were also assessed for their cumulative 
biogas production (CBP) under mesophilic conditions using batch reactors. The reactors 
received DAF-sludge at organic loadings of 3.4, 2.6, 1.7 and 0.8 gCOD/gVS, and paunch at 
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loadings of 3.9 and 1.9 gCOD/gVS. For the DAF-sludge, the highest biogas production was 
0.53 m
3
/kgVSadded measured at 3.4 gCOD/gVS. This experiment also showed that 
concentrations of VA (1100-1390 mg/L) have an effect on the AD process, especially at 
loadings higher than 3.8 gCOD/gVS. The concentrations of ammonia ranged from 1500 to 
2000 mg/L. These are below the threshold reported as inhibitory to AD. Therefore, the slow 
biogas production and the lower yield during the first 20 days at loading of 3.4 gCOD/gVS 
compared to 2.6 gCOD/gVS could be due to the presence of toxic and/or inhibitory 
constituents in the DAF-sludge. For paunch, the biogas yield of 0.29 and 0.39 m
3
/kgVSadded 
were obtained at loadings of 1.9 gCOD/gVS and 3.9 gCOD/gVS, respectively.  
 
The effects of temperature and HRT on the performances of AD processes of different 
configurations were also investigated. The configurations looked at were TSAD (both stages 
at 35ºC) and TPAD (first phase at 55ºC and second phase at 35ºC) AD. The wastes tested 
were pre-DAF, DAF-sludge, DAF-supernatant and DAF-mixture. The first stage and first 
phase reactors were operated under continuous flow at HRTs of 2 and 4 days, whereas the 
second stage and second phase were run under batch conditions. The TPAD of meat wastes 
was more effective in terms of biogas production and methane yield compared to TSAD. At 
HRT of 2 days, 9%, 127% and 27% more biogas was produced at 55ºC compared to 35ºC, for 
pre-DAF, DAF-supernatant and DAF-mixture, respectively. Similarly, 38%, 53% and 11% 
increase in mL of biogas/gVS were observed at HRT of 4 days for the same samples. These 
results indicate that the characteristics of the waste material play a major role in the 
effectiveness of AD and the quantity of biogas produced.  At HRT of 2 days, the reactors that 
received DAF-supernatant, 0.134 gCOD/gVS, which is approximately 10% of the loading in 
the reactors that received pre-DAF, 1.34 gCOD/gVS, showed 55% and 220% more biogas 
production at 35ºC and 55ºC, respectively. In terms of COD removal, TSAD at 2 days HRT 
for pre-DAF showed the best removal efficiency of 60%. TS and VS removal of 24 and 35% 
were achieved at TPAD and HRT of 2 days. Higher COD removal was achieved for DAF-
mixture, with TSAD at 2 days HRT achieving 64%, followed by 4 days HRT, 57%. 
 
The final stage of this study focused on DAF-sludge. The performance of TPAD compared to 
conventional one-stage mesophilic AD for the treatment of DAF-sludge was investigated over 
a period of 8 months. In this case, the second stage and second phase reactors were operated 
at HRT of 15, 20 and 30; and 10, 15 and 20 days, respectively. Using conventional one stage, 
biogas production of 0.0145, 0.020 and 0.026 m
3
 biogas/kgVSadded was obtained at retention 
times of 15, 20 and 30 days. However, in TSAD, an opposite trend observed was that when 
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HRT increased, biogas production reduced, which is also seen in the reduction of COD and 
TS removal. Using TPAD, biogas yield of 0.105, 0.104 and 0.121 m
3
 biogas/kg VSadded were 
obtained at HRTs of 19, 23, and 28 days. The HRTs of 19, 23 and 28 corresponded to organic 
loadings of 5.3, 5.2 and 4.2 kgVS/m
3
.day, respectively. The removal of COD, TS and VS 
were 88-89%, 42-52% and 42-52%, respectively. 
 
 Biogas production in terms of m
3
/kgVS was 6 to 8 times higher using TPAD compared to 
conventional AD depending on the HRT applied. The higher biogas production can be 
explained in terms of the effect of thermophilic conditions in the first-phase compared to 
conventional AD process. This could be attributed to the improvement of the hydrolysis of the 
waste constituents. These results can be seen from the conventional AD reactors operating at 
HRT 20 days produced a total biogas of 0.02 m
3
 biogas/kg VSadded and TPAD reactors 
operating at 19 days produced a total biogas of 0.097 m
3
 biogas/kg VSadded, which was almost 
5 times higher. 
 
The composition of the digestate from TPAD and conventional AD was investigated using 
spectrometry analysis, FTIR and XRF. These results suggest that the digestate meet the 
guidelines for application onto land as a fertilizer based on the P2O5 and K2O content. Further 
investigation has to be done.  
 
To conclude, AD of pre-DAF using TPAD showed biogas yield and COD removal of 0.54 m
3 
biogas/kg VSadded, which are comparable to those obtained for degradable organic wastes. The 
AD of DAF-sludge using TPAD was more effective than using conventional AD. On the 
other hand CODt and TS removal both using TPAD and conventional AD were in the range 
of 19-31% and 45 to 62%, which is low. It is recommended that pre-treatment of DAF-sludge 
is investigated to enhance its degradability to the recommended removal rate.  
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1 INTRODUCTION 
1.1 Background 
 
City West Water (CWW) is one of three retail water businesses in metropolitan 
Melbourne.  It manages the distribution of drinking water, and the provision of sewerage, 
trade waste and recycled water services to approximately 276,000 residential and 31,300 non-
residential (industrial, commercial and institutional) customers.   
 
Many of these industries generate large volumes of wastewater of high strength, i.e. of high 
concentration of one or all of these parameters, ammonia, sulphide, biochemical oxygen 
demand (BOD) and suspended solids (SS). These industries usually employ treatment units to 
reduce the strength of the wastewater before it is discharged to the sewer to comply with 
CWW trade waste concentration limits.  Many abattoirs, renderers and food manufacturers 
installed dissolved air flotation (DAF) units to reduce the concentration of BOD and SS but 
this result in large quantities of sludge.  In most cases the sludge is thickened and sent to 
landfill at considerable cost.   
 
A recent JJC consultants study into the abattoir and rendering sector in CWW’s area (funded 
by City West Water, EPAV and Meat and Livestock Australia) suggested that biogas 
production, by anaerobic digestion (AD), should be considered as a cleaner production 
opportunity, processing these wastes into energy and a high-grade fertiliser. DAF-sludge and 
manure have similar characteristics in terms of solids content and the AD treatment of manure 
has been well applied.  
 
 2 
1.2 Objectives and Scope 
Objectives 
 
This Masters of Environmental Engineering project aimed to investigate biogas 
production potential from wastes generated by industries in the CWW area at optimum 
conditions and best quality biogas is produced. Associated objective of the project was to 
determine the quality of the AD effluents, i.e. liquid wastewater and digestate.  
 
Scope 
 
o Determination of biogas production for wastes generated from two of the industries in 
the CWW region. 
o Assess biogas production potential of the wastes using different AD process 
configurations. This comprised of batch AD processes. Batch AD reactors assessed 
the potential of biogas production potential at different organic loadings and waste to 
seed ratios. 
o Conventional AD at different organic loadings and retention time.  
o Two phase AD with similar organic loadings and retention time to compare the biogas 
production and after digestion quality. 
o Based on the results obtained from the different experiments above, biogas quantity 
and quality and the quality of the AD supernatant and digestate were determined. 
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2 LITERATURE REVIEW 
 
There is no doubt that AD technologies are well established worldwide, treating 
various types of wastes and wastewaters from different industries to produce biogas. In 
addition to waste treatment and stabilisation, AD produces biogas that can be used for 
electricity generation. According to the literature, AD has been effectively used for the 
treatment of various industrial wastes, including cattle and broiler wastes (Chávez et al. 2005; 
Güngör-Demirci & Demirer 2004), dairy wastes (Birchall, Dillon & Wrigley 2008; Burke 
2005; Chen & Shyu 1996), mixed abattoir wastes (Wang & Banks 2003), olive mill wastes 
(Heredia & Garcia 2005), pharmaceutical wastewater (Ince, Ince & Yenigun 2001), poultry 
and livestock wastes (Rao et al. 2010; Sakar, Yetilmezsoy & Kocak 2009), swine wastes 
(Hansen, Angelidaki & Ahring 1998) and slaughterhouse wastes (Cuetos et al. 2008; Ke, Shi 
& Fang 2005; Siegrist, Hunzinker & Hofer 2005).  
 
2.1 AD Around the World 
 
AD units are used to treat wastewater in agro-industrial industries (Henze et al. 2008). 
Germany is the largest biogas producer of over 7000 operating biogas plants treating 
agricultural based materials, which produced around 1270 MW of electricity in 2007 (Doan 
2009; Midgley 2012; Schaller 2008). In Denmark, there are 20 centralised and more than 35 
farm scale AD plants where biogas is produced from the digestion of manure and organic 
wastes (Demirel et al. 2010).  
 
Where facilities for converting biogas into electricity are not available or in progress, it can be 
flared as the main oxidation product, is carbon dioxide, which has a lower impact on the 
environment in terms of global warming effect compared to methane (Sisouvong, 
Phommalyvong & Vilayvong 2006). Digested solids can be used as fertilisers, which can help 
to reduce the payback period of the AD system (EPA 2006).  
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2.2 AD in Australia 
 
In Australia, AD is applied widely for the treatment of wastes generated from 
wastewater treatment. However, methane recovery from animal wastes has been uncommon 
in the past due to the large capital cost of AD reactors (Doan 2009). Recently, biogas capture 
and electricity generation potential have led to an increase interest in the AD process due to 
energy saving potential and increased costs of transportation, solid wastes disposal costs plus 
trade wastes disposal cost (Painuly & Fenhann 2002; Rao et al. 2010).  
 
The agriculture industry, as reported in the National Green House Gas Inventory, accounts for 
15.9% of national inventory of Greenhouse gas (GHG) emissions in 2008. There are 
particular regions in Australia that are highly populated with intensive livestock industries. 
These regions are Murray-darling region, South-East Queensland and Central Queensland, 
North of Adelaide, Southern New South Wales, Northern Tasmania and Hunter Valley (Doan 
2009). In 2008, the GHG emissions from livestock were 58.9 MT carbon dioxide equivalent 
(CO2-e), which is 67.4% of the agriculture sector’s emissions (National greenhouse gas 
inventory 2010). GHG emissions from livestock are the sum of the Enteric fermentation and 
Manure management. 
 
GHG emissions = emissions from Enteric fermentation emissions + emissions from 
manure management 
 
Where, 
a) Enteric fermentation in livestock - emissions associated with microbial fermentation during 
digestion of food by ruminant (mostly cattle and sheep) and some non-ruminant domestic 
livestock. 
b) Manure management - emissions associated with the decomposition of animal wastes while 
held in manure management systems 
 
In North Victoria, the two biogas plants in Shepparton and Tatura operated by Goulbourn 
Valley Water utilise a high rate anaerobic lagoon technology for energy recovery, each with a 
capacity of 1.1MW (Doan 2009). One of a commercial scale biogas plant in the agricultural 
industry is at Berrybank Farm Piggery, where a two-stage AD system is used to treat the 
piggery effluent into odourless liquid, fertiliser and methane gas. The farm produces a daily 
average of 0.275 m
3
 of sewage influent with an organic solids content of approximately 2%. 
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Whereas, the methane gas is converted into low voltage electricity, 90% of which is used on 
the farm and the rest sold to the state grid (Doan 2009). 
 
In 2008, GHD Australia conducted a case study on Bartter Enterprises Poultry Processing 
Plant in New South Wales (NSW) (Hertle 2008). This plant covers all stages of poultry and 
egg production including hatcheries, broiler farms for bird meat production, and layer farms 
for egg production, feed mills. It slaughters 100,000 birds/day with a daily electricity 
consumption of 65,000 kW.hr and natural gas consumption of 407GJ. The case study 
proposed two options for energy conservation, where the first one was AD of the effluent 
stream in a covered anaerobic lagoon, bypassing the existing DAF unit. It is able to accept a 
total load of 22,500 kg COD/day and generates methane of 5500 m
3
/day with a base power 
load of 600 kW. The second option is the AD of the DAF-sludge in a vessel digester, 
accepting 18,000 kg COD/day and generating 5400 m
3
/day of methane with a base power 
load of 445 kW (Hertle 2008). Both options proposed were favourable because the suggested 
payback period was between 3-4 years. It was noted that this facility has an existing anaerobic 
lagoon and a DAF system.  
 
2.3 AD of different types of wastes 
2.3.1 Slaughterhouse wastes 
 
Slaughterhouse wastewater comprises of waste from the different steps of slaughtering 
process such as animals washing, bleeding out, skinning, animal bodies cleaning and rooms 
cleaning. Rendering refers to various heating processes used to separate fat from meat, usually 
at 133˚C for a minimum of 20 min at 3 atm. These conditions are required because raw 
materials from the production of animal feed and intermediate products are of high risks. The 
high risk is associated with the content of wastewater such as blood, particles of skin and 
meat and manure. 
 
The presence of fat in the wastewater can cause problems during anaerobic digestion because 
of the accumulation of inhibiting degradation intermediates such as long chain fatty acids 
(LCFAs) (Martínez et al. 1995). Furthermore, the breakdown of the LCFAs can be the rate-
limiting step in the AD process (Hejnfelt & Angelidaki 2009). That is, generating more 
ammonia in the reactor that inhibits the process. Another problem is the tendency to form 
floating scum, leading to fouled gas collection pipes and scum overflow (Pagilla, Crany & 
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Kido 1997; Wheatley 1990). The typical COD to BOD ratio for wastewater from 
slaughterhouse is 2 to 2.5 (Rao et al. 2010).  
 
Salminen & Rintala (2002b) regarded slaughterhouses wastes as difficult substrates because 
they have high organic load and are rich in protein and lipids. Table 2-1 shows a comparison 
of COD removal for slaughterhouse wastes, wastewater and dairy processing wastewater 
using anaerobic treatment. However, other researchers (Cuetos et al. 2008; Siegrist, 
Hunzinker & Hofer 2005) showed that slaughterhouse waste can be a good substrate for AD 
and up to 90% of COD can be removed. This shows that the meat industries can use AD as a 
treatment to treat their wastes. 
 
2.3.2 Poultry wastes 
 
Atuanya & Airgbirior (2002) investigated the feasibility of treating poultry wastewater 
in a continuous flow upflow anaerobic sludge blanket (UASB) pilot scale reactor of 3.5 L 
volume at mesophilic conditions for 95 days. The maximum COD removal obtained was 78% 
at OLR of 2.9 kg COD/m
3
.day at HRT of 13.2 hr. Their study also showed an average biogas 
yield of 0.26 m
3
 CH4/kg COD with an average methane content of 57% at 30˚C. They also 
observed that the AD reactor performance dropped significantly at all HRT tested and OLR of 
4.8 kg COD/m
3
.day.  
 
Table 2-1: Anaerobic treatment capacity of some waste material (Shrikanthan & Ali 1999). 
Type of waste material COD reduction (%) 
Slaughterhouses 55 
Potato processing 84 
Dairy processing 80 
 
2.3.3 Chicken feathers 
 
Chicken feathers make up about 5% of the body weight of poultry. The poultry 
industry worldwide produces around 4 million tonnes/yr of feather (Kashani 2009). The 
accumulation of this huge amount of feathers is of concern for its potential on the 
environment especially with its high content of protein. AD provides an economic solution for 
the recovery of biogas and fertilisers from chicken feathers. Due to the fibrous structure of 
keratin in poultry feather, it is poorly degradable under anaerobic conditions. However, 
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various pre-treatments have been conducted to improve the degradability of feather and thus 
enhancing the biogas production process. Among these are combined thermal (120°C, 5 min) 
and enzymatic (commercial alkaline endopeptidase, 2-10 g/L) treatments which showed 
increased in methane yield from 37 to 51% (Salminen & Rintala 2002a). Thermal treatment at 
70°C and 124°C did not significantly solubilise the COD and only slightly increased the 
methane yield by 24% for pre-treatment at 124°C and negligibly for pre-treatment at 70°C 
(Salminen, Einola & Rintala 2003). Feather protein is made into animal feed through 
autoclaving for periods usually from 20 to 30 min at temperatures varying from 120 to 142°C.  
 
2.3.4 Manure 
 
Bujoczek et al. (2000) utilised high solids chicken manure as a substrate in the AD 
process where 160 mL serum bottles were used as batch anaerobic reactors. Different 
mixtures of fresh manure and anaerobically digestion sludge or pit manure were incubated at 
35˚C. Poultry manure has a higher fraction of biodegradable organic matter compared to other 
livestock wastes (Hill 1983). This rich in organic nitrogen substrate can lead to ammonia 
accumulation, which would have a negative impact on the performance of the AD reactor. It 
was also concluded that at a total solids level of approximately 10% is required for optimum 
biogas production. The highest methane productivity was found with 100% fresh manure 
diluted to 5% TS. On the other hand the co-digestion of 50% fresh manure and 60% 
anaerobically digested sludge showed improvement in the digestion process in terms of 
methane production and final VFA content.  
 
Abouelenien, Nakashimada & Nishio (2009) showed that a total volume of 31 mL methane/g 
VS can be produced from chicken manure despite the high level of ammonia of 8-14 g N/kg. 
It was proposed that chicken manure could be used as a substrate for methane fermentation 
under mesophilic conditions. 
 
Güngör-Demirci & Demirer (2004) investigated the anaerobic treatability and biogas 
generation potential of broiler and cattle manure in seven sets of anaerobic batch reactors. It 
was reported that biogas yields of 180-270 and 223-368 mL/g CODadded for initial COD 
concentrations of 12,000 and 53,500 mg/L, respectively. Total COD removals of 37.9-50% 
for the initial COD concentrations were achieved.  
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2.4 What is Anaerobic Digestion? 
 
AD is a biological process in which anaerobic bacteria convert organic matter into 
biogas in the absence of oxygen. Unlike aerobic oxidation, AD yields relatively little energy 
to the microorganisms. The slow growth rate converts only a small portion of waste into new 
cells and therefore a major portion of degradable waste, is converted to methane gas (McCarty 
1964a). The biogas is a mixture of gases comprising of methane (55-70%), carbon dioxide 
(30-45%), and varying traces of hydrogen sulphide and hydrogen gas. AD process is very 
effective in removing biodegradable organic compounds, and leaving mineralised compounds 
like NH4
+
. PO4
3
- and S
2-
 in the solution (Henze et al. 2008).  
 
AD has been proven to stabilise waste volatility, control odour and to convert methane 
emission into usable energy with low nutrients requirements. In addition to being cost 
effective, the significant reduction of BOD and pathogen levels (Mattocks, Kintzer & Wilkie 
n.d.) are also the main attraction of AD process.  
 
2.4.1 Mechanism of the AD process 
 
It is a complex process of organic compounds degradation to methane and carbon 
dioxide by numerous anaerobic microorganisms. AD occurs mainly in four stages, hydrolysis, 
acidogenesis, acetogenesis and methanogenesis (Figure 2-1). 
 
Hydrolysis is the first stage in the AD process and is crucial in ensuring that sludge is readily 
accessible for acidogenic bacteria. Complex polymeric substrates, particulate or dissolved, are 
converted into monomeric and dimeric compounds such as sugar, amino acids and fatty acids 
in the hydrolysis stage (Henze et al. 2008). The hydrolysis stage is rate limiting to the wastes 
in the acidogenic and methanogenic stages, leading to a reduction of methane production 
(Gerardi 2003).  
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Figure 2-1: Mechanism of the AD process. 
 
The acidogenesis stage involves no methane production and hence no waste stabilisation. In 
this stage, the “acid formers” bacteria convert complex organics such as fats, proteins and 
carbohydrates into organic fatty acids, mainly volatile fatty acids (VFAs) such as acetate, 
propionate and butyrate acids as well as H2, CO2, some lactic acids, ethanol and ammonia 
(Henze et al. 2008). It is the most rapid conversion step in the AD process because of the high 
rate of the acidification reactions, which results in high bacterial growth rates, bacterial yields 
(Henze et al. 2008). Because of that, sudden pH drop can occur when the digesters are 
overloaded with industrial wastes, leading to a severe inhibition to the methanogenesis stage. 
Acidogenic bacteria which are commonly found in digesters include species of Clostridium, 
Selenomonas, Lactobacillus, and Streptococcus, to name a few (Wheatley 1990). The 
acetogenesis stage produces H2 and acetate acid from the previous stages ready for the 
methanogenic process. 
 
In the final stage of the AD process, the “methane formers” bacteria convert the organic acids 
into carbon dioxide and methane. A group of methanogenic archea reduce the carbon dioxide 
using hydrogen as electron donor and decarboxylate acetate to form methane (Henze et al. 
2008).  Methanogens are classified into two major groups: the acetate converting or 
aceticlastic methanogens and the hydrogen utilising or hydrogenotrophic methanogens.  
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The growth rate of the aceticlastic methanogens is very low and hence requires 5-10 days start 
up time with if unadapted seed material was used. Hydrogenotropic bacteria have a much 
higher growth rate, resulting in the anaerobic high rate reactors exerting a remarkable stability 
under varying conditions (Henze et al. 2008). Methanosarcina spp. are characterised by a 
coccoid shape, appearing in small grape-like clumps and have a relative wide substrate 
spectrum as they can convert acetate and H2/CO2 into methane (Henze et al. 2008). On the 
other hand, Methanosaeta spp. are filamentous, appear in large spaghetti like conglomerates 
can only convert acetate. Methanosaeta spp. is the most common acetotrophic methanogens 
in anaerobic high rate systems based on high solids retention times. Another methanogenic 
bacteria that utilise H2 and CO2 to produce methane from acetic acid is Methanothrix spp. 
(Wheatley 1990). Small quantities of oxygen can be harmful to the methane-formers and 
other anaerobic organisms involved. This requirement necessitates the use of closed digestion 
tanks, which is also critical for the collection of methane gas. The most important methane 
formers live on acetic and propionic acids have slow growth rate and require sludge retention 
times of four days or more. However, methane formers which use formic acid grow very 
rapidly and usually need a sludge retention time of two days (McCarty 1964a). Acetic and 
propionic acids are produced as intermediates in the acidogenesis stage conversion. 
Depending on the type of wastes, trace minerals are usually required to provide an ideal 
environment for bacteria growth. An example was in the yeast processing wastewater where 
cobalt and nickel were insufficient and were added externally to enhance the growth of the 
methanogenic bacteria during the reactor start up (Yoda, Imbayashi & Suzuki 1991).  
 
2.4.2 Methane yield and power generation  
2.4.2.1 Methane yield  
 
The volume of biogas generated from AD depends on the fraction of degradable materials 
(volatile solids) of the organic waste. It is difficult to give a heating value to biogas because 
the methane content varies from 55 to 80%. 
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2.4.2.2 Power generation and alternative biogas utilisation 
 
When methane is burned, 1 m
3
 of biogas yields about 377 MJ of heat energy for every 
1% of methane composition and 1.5 KWh of electricity (for example, biogas composed of 
65% methane yields 24,506 MJ/m
3
) (Dairy Australia 2004; Horst 2000). The following 
calculations can be used to estimate methane yield and energy potentially available (Dairy 
Australia 2004). 
 
Maximum CH4 yield (m
3
/day) = Load of COD to digester (kg/day) × 0.352 m
3
 CH4/kg 
CODremoved 
 
Energy available (MJ/day) = quantity of methane (m
3
/day) × heating value of methane (35.8 
MJ/m
3
) 
 
The most common use of energy recovery from biogas is to power an internal combustion 
engine that generates electricity. The electricity produced can be used directly in the plant or 
can be sold to the local electric power grid. The modified diesel engines used in most 
Australian biogas projects for electricity generation are expensive and requires regular 
maintenance (Magma 2008). Recently, Porous Burners, Australia developed new and simple 
devices for energy recovery from biogas. These devices enable combined heat and power 
generation (Magma 2008). They have the ability to burn fuel/air mixtures and the combustion 
process is stable against changes in fuel concentration and flow rate (Magma 2008). However, 
more case studies and data are required to prove their claimed effectiveness and efficiency. 
On the other hand, Caterpillar’s gas generator sets’ have a wide range of factory-designed 
options, installation and testing, low life-cycle costs and steady state performance. 
 
Capstone MicroTurbines can also be used for energy recovery from biogas. They are 
promoted by the manufacturer to have the ability to convert the gas cleanly and economically 
(Capstone Turbine Corporation 2010). According to Capstone Turbine Corporation (2010) 
hundreds of Capstone microturbines are operating, to produce electricity form renewable 
fuels, worldwide (Capstone Turbine Corporation 2010). 
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2.5 Reactor types 
 
Anaerobic digesters are able to treat insoluble and soluble material. Insoluble such as 
particulate and colloidal organics are considered to be high strength wastes and requires 
sludge retention time of 10-20 days for hydrolysis and solubilisation (Gerardi 2003). High 
strength wastes are usually treated in high rate fixed film systems such as anaerobic filters, 
fluidised bed reactors (FBRs) and UASB reactors (Boe 2006; Gerardi 2003; Kaparaju, 
Serrano & Angelidaki 2009).  
 
2.5.1 Anaerobic contact reactor 
 
Burke (2005) stated that the anaerobic “contact” process is the most effective process 
in converting waste slurries to gas. Being developed 60 years ago, the anaerobic “contact” 
process has been applied in the meat packing industry where meat processing waste is 
converted to gas. It consists of an anaerobic digester followed by a tank where the sludge (rich 
in anaerobic bacteria) is separated from the effluent stream and recycled to the anaerobic 
digester (Figure 2-2). According to Burke (2005) the drawbacks of this process were the 
accumulation of residual sand in the digester or the recycled biomass and process inhibition 
due to the accumulation of refractory organic materials (Burke 2005).  
 
Figure 2-2: Anaerobic contact reactor (Hatzikioseyian & Remoundaki 2007). 
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2.5.2 Continuous stirred tank reactors 
 
Solids and slurry wastes are mainly treated in continuous stirred tank reactors 
(CSTRs) (Figure 2-3). Single stage CSTR has simple operation but is less efficient in terms of 
effluent quality compared to a two phase system (Azbar, Ursillo & Speece 2001).  
 
Figure 2-3: CSTR (Hatzikioseyian & Remoundaki 2007). 
 
In the study by Chen & Shyu (1996), a comparison of the performance of four types of 
anaerobic reactors, namely CSTR, baffled reactor, UASB and upflow anaerobic filter (UAF) 
(Figure 2-4) for treating dilute dairy wastewater was carried out. The operating conditions 
applied were HRTs between 18.8 hr and 2 days and organic loading rates (OLR)s from 0.117 
to 1.303g VS/L.day. It was concluded that the UAF reactors has the best performance among 
all reactors tested, where a methane yield of 0.241 L CH4/g VS fed at HRT of 7.5 days, and 
COD and VS reduction of over 70% were obtained. 
 
 
 
 
 
 
 
 
 
Figure 2-4: Anaerobic filter (Hatzikioseyian & Remoundaki 2007). 
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2.5.3 Anaerobic packed-bed biogas reactors 
 
Another biogas reactor developed for the AD is the anaerobic packed-bed biogas 
reactors (APBRs). Increased stability and performance are achieved by attached microbial 
biofilms that are developed on the inert carriers of the PBR. The packing medium acts as a 
filter preventing bacterial washout, providing large surface area for biofilm development 
hence improved methanogenic digestion (Lettinga 1995, Singh & Prerna 2009). Specific 
surface area, porosity, surface roughness, pore size and orientation of the packing material 
play an important role in APBRs’ performance. Also, plastic support medium were found to 
be very effective in reducing HRT as compared to straw, nylon fiber and wood chips.  
 
 
 
 
 
 
 
 
Figure 2-5: APBR (Singh & Prerna 2009). 
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2.6 Types of AD Processes 
 
Conventional anaerobic digesters can be categorised as: 
o Batch 
o semi-continuous or semi-batch 
o Continuous 
 
Batch systems operate on a single charge of substrate (feed) for a designated period  during 
which the substrate is degraded , producing biogas. Usually the biogas passes via a scrubber 
to a storage device (Magma 2008). Several digesters are usually required because when one 
digester is exhausted, it usually takes up to six weeks to empty, clean, recharge and restart the 
batch reactor (Magma 2008). Steady-state cannot be achieved in a batch system as the 
concentrations of components in the digester are changing with time (Boe 2006; Klass 1984). 
Semi-continuous or continuous operations are preferable as maximum growth rate can be 
achieved constantly at steady-state by controlling the feed rate (Boe 2006). Continuous-feed 
digesters are less expensive to set up due to lower capital cost, as only one digester is 
required. However, close monitoring of feedstock solids is required. Based on most of the 
studies on AD, there is actually limited data on the correlation between batch, semi-
continuous and continuous laboratory or bench scale and pilot scale anaerobic digesters. 
Choice of reactor type is determined by waste characteristics such as TS? content, which 
affects the process performance and the methane yield (Kaparaju, Serrano & Angelidaki 
2009). 
 
2.6.1 Two-phase AD (TPAD) and Two-stage AD (TSAD) 
 
Conventional single phase AD process has always been employed to recover 
bioenergy (methane) from biomass (energy crops), various types of solid wastes and 
industrial wastewaters (Demirel et al. 2010). However, conventional one-phase digestion is 
not an effective system for wastes containing high solids (>10%) since they require the waste 
to be capable of being pumped which means that they must be diluted to below 10% solids 
(Demirer & Chen 2005). This, in turn, results in a signiﬁcant increase in ﬂuid and digester 
volume, which translates as increased capital and operating costs. One positive feature of the 
TPAD is that when a high solids-containing waste is introduced to the ﬁrst phase, it is 
liqueﬁed along with acidiﬁcation. This translates into more waste addition and, thus, less 
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energy requirements for heating, storing and spreading for TPAD of high solids-containing 
wastes. 
 
A TPAD includes an acidogenic reactor (at a higher temperature of 55°C) as the first phase, 
which is followed by a methanogenic reactor as the second phase in series (normally at 35°C). 
Phase separation can be achieved by keeping the HRT in the acidogenic reactor short enough 
to wash out methanogenic organisms (Yilmazer & Yenigun 1999).  Two-stage AD (TSAD) 
includes both stages reactors at the same temperature, usually at mesophilic conditions. It is 
not common for the use of TSAD in the industry and is only used for research purposes in this 
thesis. 
 
Ke, Shi & Fang (2005) investigated the applications of TPAD in industrial wastewater 
treatment with different anaerobic reactors as well as comparing TPAD with single phase AD 
processes. TPAD is basically allowing the acidogenic and methanogenic stages of the AD 
process to proceed in two separate reactors with short HRT for the acidogenic stage followed 
by methanogenic step with long HRT (Azbar, Ursillo & Speece 2001; Boe & Angelidaki 
2009). This separation allows optimum environmental conditions and operation parameters 
for both stages and hence, increasing the efficiency. TSAD system for the treatment of mixed 
abattoir wastes also overcame the toxicity problem due to accumulation of volatile 
fermentation intermediates and high ammonia concentrations.  
 
Examples of TPAD reactors are UASB-UASB system, CSTR-upflow AF system and CSTR-
AFBR (anaerobic fluidised bed reactor) system (Ke, Shi & Fang 2005). Results have shown 
that the two phase AD system provides the best performance in terms of methane 
productivity, CODs, colour and phenol removal efficiencies and effluent quality when 
compared to conventional one phase anaerobic digesters (Fezzani & Cheikh 2010). However, 
Boe & Angelidaki (2009) argue of the syntrophic relationship between bacteria and 
methanogenic digestion is disrupted due to the separation of acidogenic and methanogenic 
steps, which can lead to product inhibition in the acidogenic reactor. Apart from being a 
complex system, the drawback of a two-phase system is its sensitivity to the substrate with 
high easily degradable organic load.  
 
The methanisation of coffee wastes in a TPAD system utilising laboratory-scale completely 
mixed anaerobic reactors was evaluated (Houbron, Larrinaga & Rustrian 2003). The 
acidogenic and methanogenic reactors were operated at OLRs of 5 and 0.5g COD/L.day 
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respectively. Overall, the two-phase anaerobic system produced biogas with a methane 
content of 80%. The total, soluble and VFAs effluent COD concentrations of the acidogenic 
reactor present average values of 58, 17 and 14g/L respectively. Under these experimental 
conditions, 23% (COD based) of coffee pulp was hydrolysed with a rate of 1.32g COD/L.day 
and the soluble fraction was transformed to VFAs with an acidification efficiency of 82%. In 
the methanogenic reactor, COD removal and methanisation of fresh coffee wastewater, pre-
acidified effluent and both combined occur with an efficiency of 85% to 95% respectively, 
with a characteristic biogas composition of 80% CH4 and 20% CO2. 
 
Wang & Banks (2003) showed that a TPAD system (hydraulic flush reactor and anaerobic 
filter) was successful in improving the process efficiency as measured by TS reduction and 
COD removal of 66% and 94.7% respectively, as well as an overall methane yield of 0.21m
3
 
CH4/kg TS added. The HRT was significantly shorter than the SRT in the two-stage reactor 
enabling the reactor to retain the fibrous components of the feedstock whilst rapidly washing 
out hydrolysis and fermentation intermediates (Banks & Wang 1999; Wang & Banks 2003).  
 
In another study, Kaparaju, Ellegaard & Angelidaki (2009) investigated the process 
performance and biogas production of serial digestion of livestock wastes with two 
methanogenic CSTRs connected in series. A total working volume of 5L was distributed 
according to different ratios between the two CSTRs, where the best results were obtained 
when reactors were operating at 70/30% and 50/50% volume distribution producing 17.8% 
more biogas and methane. A pilot scale study confirmed the lab-scale study with 1.9-6.1% 
increase in biogas yield through serial digestion when compared to the traditional one-step 
CSTR process.  
 
2.6.2 Co-digestion  
 
The limitations of a single substrate in AD are acknowledged and have led to the 
development of the co-digestion (Alvarez & Lidén 2008; Hejnfelt & Angelidaki 2009; 
Magbanua Jr, Adams & Johnston 2001; Nielsen & Angelidaki 2008; Rosenwinkel & Meyer 
1999). Co-digestion technology enables an improved nutrient balance from a variety of 
substrates, which helps to maintain a stable and reliable digestion performance and a good 
quality fertiliser production as well as an increase of gas yield with the addition of co-
substrates with a high methane potential (Jingura & Matengaifa 2009). Aggregating wastes, 
particulates or bulking materials and floating wastes can be digested much easier after 
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homogenisation with dilute substrate such as sewage sludge or liquid manure (Jingura & 
Matengaifa 2009). Many studies on the feasibility of co-digestion have been conducted at 
bench scale but only a few reports were on pilot and full scale co-digestion. 
 
The study of anaerobic co-digestion of hog and poultry wastes at different ratios was 
conducted by Magbanua Jr, Adams & Johnston (2001). The effect of using various ratios of 
hog to poultry waste on gas and methane production was evaluated using a factorial 
experiment. Treatments containing to 0-100mL of hog waste plus sufficient poultry waste to 
make 100 mL were prepared in 125 mL serum bottles. They concluded that the AD of hog 
and poultry waste is viable due to the superior biogas and methane yields of treatment, up to 
200 mL/g VS destroyed and 130 mL/g VS destroyed respectively.  
 
Alvarez & Lidén (2008) investigated the potential of semi-continuous mesophilic AD for the 
treatment of solid slaughterhouse waste, fruit-vegetable wastes and swine manure in 2L 
CSTRs. The OLR of 0.3-1.3 kg VS/m
3
.day resulted in methane yields of 0.3 m
3
/kg VSadded, 
54-56% of methane in the biogas. However, the biogas production and methane yield 
decreased at a higher loading indicating organic overload or insufficient buffering capacity in 
the digester. Then the co-digestion of mixed substrates of solid cattle-swine slaughterhouse 
waste and fruit and vegetable wastes were studied. The steady state biogas production for the 
mixture ranged from 1.1 to 1.6 L/day, with a methane content of 50-57% after 60 days of 
operation and methane yields were between 0.27-0.35 m
3
/kg VSadded and VS reduction 
efficiencies of 50 to 67% were obtained. The slurry in the reactor reached a high ammonia 
nitrogen level of 6.5g/L where the substrate mixture was diluted to improve the process. 
 
Hejnfelt & Angelidaki (2009) conducted a study on the AD of animal byproducts in batch and 
semi-continuously fed reactors at 55 and 37°C. The methane potential of fat, blood, raw waste 
(meat, fat and bones), intermediate product (pressed raw waste) and bone flour were measured 
by batch assays. The dilution of byproducts had a positive effect on the specific methane yield 
with highest dilutions giving the best results. They concluded that the co-digestion of 5% pork 
byproduct with pig manure at 37˚C showed 40% higher methane production compared to 
digestion of manure alone.  
 
Rosenwinkel & Meyer (1999) evaluated the co-digestion of slaughterhouse wastes (stomach 
contents and flotation tailings) at mesophilic conditions. The digester volume was 5000m
3
 
with municipal sludge of 277m
3
/day and HRT of 18 days. The full scale digester achieved a 
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specific gas production of 0.47 m
3
/kg TSin at a loading rate of 1.26 kg TS/m
3
.day. The gas 
production rate increased from 1700 to 2800 m
3
/day while increased the OLR from 0.78 to 
1.26 kg TS m
3
/day and reducing the HRT from 21 to 18 days. Operational problems, such as 
clogging, deposits and poor dewaterability were not encountered. 
 
2.7 Factors Affecting AD Performance 
 
AD process is affected by a number of parameters, which include substrate 
characteristics, operational conditions such as hydraulic retention time (HRT), organic 
loading rate (OLR) and solids retention time (SRT); environmental factors such as 
temperature and pH, biochemistry factors such as pH, alkalinity, volatile fatty acids (VFAs), 
long chain fatty acids (LCFAs), ammonia, sulphides and heavy metals. 
 
2.7.1 Effect of HRT and ORT 
 
HRT is a measure of the amount of time the influent remains in the digester whereas 
the SRT is a measure of the time the anaerobic microorganisms spend in the digester 
(Mahmoud et al. 2003). The required HRT varies with the different types of anaerobic 
treatment technologies, operating temperature and waste composition (Verma 2002). Wastes 
containing readily degradable compounds require low HRTs, whereas longer HRT is required 
for complex wastes that degrade slowly. 
 
Burton & Turner (2003) reported that the digestion of pig manure with its high fat content 
requires lower HRTs than cattle manure, which contains comparably high cellulose and 
hemicellulose concentrations. In mesophilic conditions, they proposed average HRTs for 
cattle manure of 12 to 25 days, for cattle manure with straw bedding 15 to 35 days, and for 
pig manure 10 to 20 days. Furthermore, Wellinger (1999) and Rehling (2001) proposed a 20–
40 day range of HRT in the treatment of liquid hen manure. They emphasized that the 
optimum value of retention time actually depends on many factors, such as feedstock, 
environment temperatures and type of gas plant. 
 
Organic loading rate (OLR) is a measure of the biological conversion capacity of anaerobic 
treatment system, which indicates the amount of wastewater that can be treated per unit of 
reactor volume (Khanal 2009). The OLR for different wastes under mesophilic conditions and 
different types of anaerobic reactors in respect to their OLRs and chemical oxygen demand 
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(COD) removal efficiencies were evaluated by various authors (Burton & Turner 2003; 
Ozturk 1999).  
 
Multiple studies conducted by Salminen & Rintala (1999, 2002a & 2002b) focused on the AD 
of poultry slaughtering wastes; characteristics and anaerobic batch degradation of anaerobic 
digesters treating poultry slaughterhouse wastes and the effect of hydraulic retention time and 
loading. These three papers used similar parameters such as semi continuous CSTRs of 2 to 
3L, pH of 7.4 to 7.9 and the experimental work was conducted at mesophilic conditions. The 
respective loading rates were 4.6, 1.0 and 0.8kg VS/m
3
.day (Salminen & Rintala 1999; 
Salminen & Rintala 2002a & Salminen & Rintala 2002b). There was an increase of TS (total 
solids) and VS (volatile solids) removal when the TS in the feed was increased. There was a 
74% removal of TS and VS when the TS in the substrate was 4.7% (Salminen & Rintala 
2002b) whereas only 62% of TS and 68% of VS were removed when the TS in the substrate 
was 2.3% (Salminen & Rintala 2002a). Their work showed that up to 140m
3
 of methane can 
be produced at a loading of up to 0.8kg VS/m
3
day of and a HRT of 100 days, under 
experimental conditions. However, a higher loading and a shorter HRT would inhibit and 
overload the process due to the accumulation of VFA and LCFA (Salminen & Rintala 2002b).  
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Table 2-2: Comparison of different conditions for AD. 
Substrate Reactor  OLR HRT (d) T (
0
C) pH 
Efficiency 
(COD, TS & VS 
removal) Biogas or CH4 Yield Reference & Region 
Dairy manure 
12 acidogenic continuously 
mixed reactors (serum 
bottles), 160 cm3 
4, 10, 20, 30 
gVS/dm
3
.day (1.25 - 4) + 66 35±1   
30.3 - 62.4% VS 
reduction 
0.066 - 0.243 dm
3
/gVS 
added 
Demirer & Chen 
2004, Turkey 
Animal 
byproducts from 
slaughterhouses 
Batch, 3L (pasterised at 70 
degrees) 2 gVS/L.day   37     
1.14L biogas/g VS; 0.76 
L CH4/gVS 
Edstrom, Nordberg & 
Thyselius 2003, 
Sweden 
  
Semi continuous and 
continuous, 30L 1 - 4 gVS/L.day     7.8 - 8   
0.8 L biogas/gVS, 70% 
CH4   
Co-digestion of 
sewage sludge 
and grease trap 
sludge 
  
Batch, 118 ml serum bottles 3gVS/L   35     
435 - 788 m
3
 
CH4/tVSadded or 150ml 
CH4 over 50 days 
Luostarinen, Luste & 
Sillanpaa 2009, 
Finland 
Glass reactors, 3L, 
continuous mixed 
1.08 - 4.41 
kgVS/m3.day 16 - 20    
7.1 - 
7.8 
52-70% VS 
reduction 
278 - 444 m
3
/tVSadded 
(16d HRT)   
Dairy 
wastewater TP-meso AD 2 - 8 gVS/L.day 3 and 6     
20-30% VS 
removal 0.27 - 0.56 L CH4/L.day 
Lv, Schanbacher & 
Yu 2010, USA 
                                                                           2 - 8 gVS/L.day 3 and 6     
22 - 42% VS 
removal 0.34 - 0.82 L CH4/L.day   
Liquid and solid 
municipal waste Batch, 9L 
2.4 - 3.6 
kgVS/m
3
.21 day 21     
53 - 77 % VS 
degradation 21.8 - 247 L CH4/kgVS 
Kazda, Zak, Kern & 
Bengelsdorf 2011, 
Germany 
Rendering waste UASB 1P, 7.8L 
0.3 - 1 
gCOD/L.day 5.2 - 10.6 35±1     391 - 462 ml CH4/day 
Hansen & Gregery 
1992, England 
  UASB 2P, 7.8L 
0.3 - 1 
gCOD/L.day 5.2 - 10.6       642 - 1898 ml CH4/day    
Brewery 
wastewater   
up to 28.5kg 
COD/m
3
.day 4.2 35     
0.28 - 0.35 m3 CH4/kg 
CODremoved 
Ince, Ince, Anderson 
& Arayici 2001, 
Turkey 
Co-digestion of 
DAF sludge and 
swine manure 
Semi continuous and CSTR 
10L 
4.68gVS/L.day 
or 11.24 
gCOD/L.day 10 55     
2.19L CH4/L.day or 0.47 
L CH4/gVS 
Creamer. Chen. 
Williams & Cheng 
2010, USA 
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2.7.2 Effect of temperature 
 
The temperature of the AD process significantly affects the conversion, kinetics, stability, 
effluent quality and finally the cumulative gas production of the process (Donoso-Bravo et al. 
2009). AD can be divided into three temperature-based categories, namely: 
 psychrophilic digestion 
 mesophilic digestion 
 thermophilic digestion 
 
Psychrophilic digestion is less popular compared to both mesophilic and thermophilic 
digestion. For mesophilic digestion, the digester is heated to 25-40°C and the feedstock stays 
in the digester for 15-30 days (Magma 2008; Singh & Prerna 2009). Mesophilic digestion is 
more robust and tolerant than the thermophilic process, but the drawbacks are the gas 
production is less, larger digestion tanks are required and sanitisation is a separate process 
stage. On the other hand, the thermophilic digester is heated to a temperature range 50-65°C 
and the residence time is 13-14 days (Magma 2008; Singh & Prerna 2009) where 30-60% of 
the digestible solids are converted into biogas (Drobez et al. 2009). Thermophilic digesters 
require extra heating and are more efficient in terms of retention time, loading rate and 
nominal biogas production, better pathogen and virus kill but the drawbacks are they require 
greater energy input and a higher degree of operation and monitoring. It is commented that 
the additional heat required maintaining temperatures of 50-65C may offset the benefits of 
thermophilic processes (McCarty 1964b) and therefore mesophilic conditions are more 
preferred in most AD studies (Hejnfelt & Angelidaki 2009; Khanal et al. 2006; Sakar, 
Yetilmezsoy & Kocak 2009; Taleghani & Shabani Kia 2005). Angelidaki, Ellegaard & 
Ahring (2003) found that methanogenic rate increased 2.6 times when the temperature was 
increased from ambient temperature to 30°C and further 3 times when the temperature was 
increased from 30 to 40°C. 
 
A large amount of research has been conducted on the influence of temperature on the rate-
limiting methanogenic phase at both mesophilic and thermophilic conditions. Donoso-Bravo 
et al. (2009) investigated the effect of temperature on the hydrolysis and acidogenic phase on 
starch, glucose and acetic acid as substrates. Hydrolysis rate constants are highly dependent 
on temperature since it is a biochemical reaction catalysed by thermally sensitive-enzymes. 
Understanding the temperature effect on the acidogenic phase enables an improvement of 
digester stability due to the physical separation of phases, the increase in the concentration of 
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soluble organics and the optimisation of biological nutrient removal processes (Banerjee, 
Elefsiniotis & Tuhtar 1998). Donoso-Bravo et al. (2009) conducted batch tests with starch, 
glucose and acetic acid as substrates for hydrolysis, acidogenesis and methanogenesis in a 
temperature range of 15 and 45°C. It was concluded that the anaerobic process is strongly 
influenced by temperature, with acidogenic phase being the most effected.  
 
Several studies also concluded that AD at 35C is more efficient compared to thermophilic or 
ambient temperature (Güngör-Demirci & Demirer 2004; Nishio & Nakashimada 2007; Sakar, 
Yetilmezsoy & Kocak 2009; Singh & Prerna 2009). A study conducted by Chavez et al. 
(2005) proposed that when nutrient and yeast extract were added to the cow manure inoculum 
in an UASB reactor, a 95% removal of BOD5 from poultry slaughter wastewater was 
achieved without loss of stability. The operating conditions were ambient temperatures and a 
HRT of 4hr (Chávez et al. 2005).   
 
2.7.3 Effect of pH and alkalinity 
 
Another important factor for the performance of AD is the pH. For an efficient 
operation of the digester, the pH must be within the range of 6.5 to 8.5 (Sakar, Yetilmezsoy & 
Kocak 2009; Verma 2002). This is because a low pH environment adversely affects the 
methane-producing bacteria. At pH less than 6.2, the AD efficiency drops off rapidly and the 
acidic conditions become toxic to the methanogenic bacteria, which are responsible for the 
majority of the waste stabilisation in anaerobic treatment (Anderson & Yang 1992; McCarty 
1964b). At near neutral pH of between 6 to 8, the major chemical system controlling pH is the 
carbon dioxide-bicarbonate system (McCarty 1964b). In cases where acidogenic bacteria and 
methanogenic bacteria coexists, the optimal pH range is 6.8-7.4 (Khanal 2009). The 
bicarbonate ion concentration is approximately equivalent to the total alkalinity of most 
wastes when the volatile acid concentration is very low. The increase of volatile acids 
concentration are neutralised by the bicarbonate alkalinity.  
 
There are four groups of chemical and biochemical reactors that are important in controlling 
the pH of a digester, which are (1) ammonia consumption and release; (2) VFA production 
and consumption; (3) sulphide release by sulphate or sulphite dissimilatory reduction and (4) 
conversion of neutral carbonaceous organic carbon to methane and carbon dioxide (Anderson 
& Yang 1992). 
 
 24 
Alkalinity is defined as the ability of a solution to resist changes in pH, which is known as the 
buffering effect of alkalinity. It is important because as acid is added to solution, carbonates 
will contribute hydroxide ions, which tend to neutralize the acid. The interaction of the carbon 
dioxide/bicarbonate buffer system and a net strong base controls the pH in the anaerobic 
reactor, which is the summation of all strong acids and bases including volatile fatty acids and 
ammonia. In cases of pH decrease, it can be maintained in the optimum range by the addition 
of sodium hydroxide, sodium carbonate or calcium hydroxide (Sakar, Yetilmezsoy & Kocak 
2009). If pH increases, hydrochloric acid can be added (Salminen & Rintala 1999) to adjust 
the pH back to the recommended pH. 
 
2.7.4 Effect of C/N ratio 
 
A carbon/nitrogen (C/N) ratio of 20-30:1 is recommended to be optimum in the AD 
process (Barelli et al. 2005; Sakar, Yetilmezsoy & Kocak 2009). Low carbon and nitrogen 
ratio also has been found to cause accumulation of VFAs because of the need to maintain the 
pH at 8.0-8.2 (Krylova et al. 1997). If the C/N ratio is very low, nitrogen accumulates as 
ammonia to which will become toxic for the methanogens (Barelli et al. 2005). A very high 
C/N ratio promotes methanogenons’ population growth is able to meet their protein 
requirement and hence do not need to react with the remaining carbon content of the 
substrate, resulting in a low gas production.  
 
2.7.5 Effect of acclimation 
 
The objective of acclimation is to enable the adaptability of methanogens to a variety 
of potential inhibitory substances by exposing them to slowly increasing of concentration of 
sludge. It also increases the tolerance and shortens the lag phase before methane production 
begins. AD with acclimatised seed has been known to be more susceptible to higher ammonia 
and VA concentration (Speece 1987, p. 130). Acclimation of methanogenic bacteria to 
high ammonia level, or raising ammonia tolerance, is a proven useful method for improving 
the process of AD and production of methane from different kinds of wastes (Abouelenien, 
Nakashimada & Nishio 2009; Güngör-Demirci & Demirer 2004). It was reported that the 
adaptation may be the result of internal changes in the predominant species of methanogens, 
or because of the shift in the methanogenic population (Chen, Cheng & Creamer 2008). After 
the adaptation is complete, the bacteria are able to retain viability at concentrations far 
exceeding the initial inhibitory concentrations. Improvements of successful acclimation was 
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reported that acclimatised methanogens produced methane at 11g N/L whereas 
unacclimatised methanogens failed to produced methane at 2g N/L (Chen, Cheng & Creamer 
2008). 
 
2.8 Inhibition of AD 
2.8.1 Effect of ammonia 
 
Ammonia plays an important role in respect to the C/N ratio of the substrate and it is 
also essential for bacterial growth but inhibits the AD process in high concentration (Nielsen 
& Angelidaki 2008). The accumulation of ammonia and organic nitrogen-rich solid waste 
materials from abattoirs as a result of protein degradation can lead to failure of methanogenic 
(Hejnfelt & Angelidaki 2009; Salminen & Rintala 2002a; Wang & Banks 2003). Krylova et 
al. (1997) observed that with poultry manure, up to 2.6 g/L of total NH4-N had no effect on 
biogas or methane production, but reductions of 50-60% in biogas production and 80-90% in 
methane production were observed with 2.6-7.9 g/L NH4-N.  
 
The effect of NH3-N on hydrogen and methane production during the AD of dairy cattle 
manure was investigated by Sterling et al. (2001). Urea was added to the laboratory scale 
digesters to increase ammonia concentration (600, 1500 or 3000mg N/L). An initial cessation 
of H2 production followed by an increase in H2 formation was observed. The net effect was a 
decrease in both methane and total biogas production.  
 
2.8.2 Effect of VFA and LCFA 
 
Low methane yield and process instability are frequent in the AD process where 
various improvements and research have been conducted to eliminate, if not, to reduce these 
problems (Demirel & Yenigün 2002; Kaparaju, Ellegaard & Angelidaki 2009; Nielsen & 
Angelidaki 2008). High concentrations of LCFA and VFA in slaughterhouse byproducts were 
found to inhibit the anaerobic microorganisms in the biogas production at concentrations 
higher than 5000 kg lipids/m
3 
and 7000 kg N/m
3 
(Hejnfelt & Angelidaki 2009; Salminen & 
Rintala 2002a). The combination of low methane yield, low methane percentage in the biogas 
and high VFA concentrate indicates that the methanogenic bacteria activity was rate limiting 
during the thermophilic digestion of swine manure (Hansen, Angelidaki & Ahring 1998).  
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VFA concentration is one of the parameters that can cause the failure of anaerobic digester. 
The accumulation of VFA are subjected by digester overloaded and unfavourable 
environmental conditions, where acidogens generally grow faster and are less sensitive to the 
environment compared to the methanogens (McCarty 1964a).  It also affects COD removal 
and methane production (Sakar, Yetilmezsoy & Kocak 2009) and thus, needs to be controlled 
to ensure the effectiveness of AD. Studies have also been proved that VFA concentrations 
increased with the increase of either HRT or feed concentration (Fezzani & Cheikh 2010). 
LCFAs are surface-active compounds and behave like synthetic surfactants in aqueous 
systems.  
 
The accumulation of LCFAs are toxic to the anaerobic microorganisms, especially acetogens 
and methanogens (Angelidaki & Ahring 1992; Koster & Cramer 1987) and inhibit biogas 
production at relatively low concentrations (Angelidaki, Petersen & Ahring 1990). Salminen 
& Rintala (2002a) reviewed that LCFA may be the limiting step in the AD because it requires 
low hydrogen partial pressure for breakdown as well as slow growth of the LCFA-consuming 
bacteria itself (maximum growth rate is below 1d
-1
) (Angelidaki & Ahring 1995). 
 
2.8.3 Effect of sulphides and heavy metals 
 
Sulphides are produced by the reduction of sulphates present in the influent and also 
by the degradation of proteins present in the manure. Sulphate reduction is performed by two 
major groups of sulphate reducing bacteria, which are incomplete oxidisers and complete 
oxidisers. The incomplete oxidisers reduce lactate to acetate and CO2 whereas the complete 
oxidisers convert acetate to CO2 and HCO3
-
 (Chen, Cheng & Creamer 2008). Burton & 
Turner (2003) reported that if the concentration of soluble sulphides exceeds 200ppm, then 
the metabolic activity of methanogenic bacteria will be strongly inhibited, leading to process 
failure.  
 
They also stated that heavy metals form highly insoluble precipitates with sulphide. 
Therefore, the addition of a metal, such as iron, provides a simple means of reducing the 
soluble sulphide concentrations. Heavy metals are toxic to both major anaerobic populations 
even at very low concentrations (Burton & Turner 2003). They can disrupt the enzyme’s 
function and structure by binding of the metals with thiol and other groups on protein 
molecules or by replacing naturally occurring metals in enzyme prosthetic group (Chen, 
Cheng & Creamer 2008).  
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3 MATERIAL AND METHODS 
 
This chapter describes the materials, experimental procedures and analytical methods used in 
this research. 
 
3.1  Wastes and Anaerobic Seed 
 
The wastes used in this research were obtained from a meat processing plant (industry 
A) and a rendering plant (industry B) in Melbourne. For each industry wastes generated at 
different points of the wastewater treatment systems were tested and subjected to different AD 
processes and operation to determine the optimum option for waste management for each 
industry. The wastes used were characterised when received and before used. Variation in 
characteristics was observed during the 8-month period where two-stage mesophilic AD 
(TSAD) and TPAD experiments were carried out. The characteristics of the samples fed into 
the reactors during the given period were used as a calculation for AD performance to that 
period of the digesters operation.  
 
3.1.1 Meat industry A 
 
This industry employs a DAF unit to concentrate the wastewater where the DAF-
supernatant is discharged to sewer system and the DAF-sludge is sent to landfill. The process 
flow diagram of the wastewater treatment system at this industry is shown in Figure 3-1. The 
wastes generated onsite by this industry were assessed for their potential for biogas 
production using different AD process configurations. These wastes are Paunch, Pre-DAF, 
DAF-supernatant and DAF-sludge. Characteristics of these wastes are given in Table 3-1 and 
Table 3-2. 
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Figure 3-1: Process flow diagram of the wastewater treatment system at industry A. 
 
Table 3-1: Characteristics of DAF-sludge (industry A) and paunch wastes used in batch 
experiments. 
 
Parameters DAF-sludge Paunch 
pH 9.29 7.29 
TS (mg/L) 53443 38715 
VS (mg/L) 49971 36269 
CODt (mg/L) 105700 41775 
CODs (mg/L) 2351 2742 
T-PO4
3-
 (mg/L) 1449 - 
T NH3-N (mg/L) 1912.5 - 
Volatile acid (VA) (mg/L) 4540 - 
Volatile fatty acid (VFA) (mg/kg) 2700 3600 
Moisture content (%) 90.3±0.06 - 
 
 
Static Screen
Dewatering 
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Balance tank
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Air Flotation
Paunch cake to 
truck
Sludge 
tank
Sludge to 
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Cooling 
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waste
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Table 3-2: Characteristics of wastes (industry A) used in batch, TSAD and TPAD 
experiments. 
 
Parameters pre-DAF DAF-sludge Paunch 
pH 6.51 9.29 7.29 
TS (mg/L) 8356 53443 38715 
VS (mg/L) 7856 49971 36269 
CODt (mg/L) 15,900 105700 41775 
CODs (mg/L) 1420 2351 2742 
T-PO4
3-
 (mg/L) 515 1449 - 
T NH3-N (mg/L) 53 1913 - 
VA (mg/L) 166 4540 - 
 
3.1.2 Meat industry B 
 
The process flow diagram of the wastewater treatment system at Industry B is shown 
in Figure 3-2. This plant collects all wastewater generated onsite and uses DAF to treat it, 
mainly to reduce the solids and organics contents of the wastewater before it is discharged. 
The DAF-supernatant is discharged to the sewer system whereas, the DAF-sludge is sent to 
landfill. The samples investigated in this study are the influent to the DAF unit, referred to in 
this thesis as pre-DAF and the DAF effluents, i.e. DAF-supernatant and the DAF-sludge. The 
samples collected from the plant were kept for three days at 4°C prior to use. Characteristics 
of these wastes can be found in Table 3-3. 
 
Figure 3-2: Process flow diagram of the wastewater treatment system at industry B. Note, 
RM  screw loses = raw material from screw press 
 
Screen
Dissolved Air Flotation
Blood stickwater
RM screw losses
Plant wash water
Yard wash water
Truck wash water
Surge tank
Mixing tank
Discharge 
to sewer
Sludge to slurry 
evaporator
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Table 3-3: Characteristics of the wastes (industry B) used in batch, TSAD and TPAD 
experiments. 
 
 
The DAF-sludge (Table 3-4) was obtained at least once a month over a 8-month period from 
meat industry B. The sample collected was kept at 4°C prior to use. The DAF-sludge samples 
collected at different times varied slightly. The characteristics of the DAF-sludge collected 
over the 8-month period are shown in Appendix A. As some of the DAF-sludge samples 
received were higher in TS and COD, water was added to the samples to a similar COD 
concentration to the DAF-sludge sample collected on the 17
th
 of May.  
 
Table 3-4: Characteristics of the DAF-sludge (industry B) used in conventional AD, TSAD 
and TPAD experiments. 
Parameters Pre-DAF  DAF-supernatant DAF-sludge 
pH 7.08 7.06 5.99 
TS (mg/L) 20,100 4000 148,667 
TVS (mg/L) 18,967 3200 134,233 
TVS/TS 0.94 0.8 0.90 
CODt (mg/L) 43,600 4400 244,500 
CODs (mg/L) 3700 2300 22600 
CODs/CODt 0.0849 0.523 0.0924 
TPO4
3-
 (mg/L) 610 124 5155 
TNH3-N (mg/L) 443 421 1480 
VA (mg/L) 1008 980 8010 
Parameters 17/05/11  07/06/11 31/08/11 
pH 5.7 5.89 5.51 
TS (mg/L) 90424 93214 45000 
TVS (mg/L) 80396 85286 41333 
CODt (mg/L) 226000 206300 123800 
CODs (mg/L) 9520 21100 4952 
T-PO4
3-
 (mg/L) 3580 - - 
T NH3-N (mg/L) 894 - 356 
VA (mg/L) 2968 - - 
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3.1.3 Anaerobic seed 
 
Anaerobic seed is referred to either as seed or inoculum in some literature. 
 
a) Raw seed (non-acclimatised) 
 
The anaerobic micro-organisms used as a seed in this research were obtained from the 
anaerobic sludge digesters of the Eastern Treatment Plant in Melbourne, Australia. The 
samples were sieved through a screen of 1.4-mm mesh size and then stored at 35°C for three 
days prior to use.  It was observed that the characteristics of the seed collected at different 
times throughout the course of the project varied slightly. The seed that was used for all the 
experiments with industry A and industry B are given in Tables 3-5. 
 
b) Acclimatised seed 
 
To assess the effect of the use of seed that has not been acclimatised to wastes from 
meat processing industries, acclimatised seed was prepared. The acclimation process started 
with 1 L of anaerobic seed, collected from the anaerobic sludge digesters at Eastern Treatment 
Plant. The anaerobic seed was kept in a 5 L bottle in an incubator at 35°C and 100 mL of pre-
DAF was added daily to the bottle. The feeding continued on a daily basis until a volume of 
3.5 L accumulated, thereafter 200 mL of the acclimatised seed was discarded and an 
equivalent volume of a substrate (e.g. Pre-DAF) was added daily for a minimum of three 
months. Acclimation of seed was carried out for wastes from meat industry A and industry B. 
Samples of pre-DAF were collected on a weekly basis from both industries. Characterisation 
of acclimated seed in terms of pH, TS, VS and COD (total and soluble) was conducted bi-
monthly. Acclimatised seed was used in the experiments when variation in COD 
concentrations stabilised at about ±10%. 
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Table 3-5: Characteristics of the anaerobic seed used in the different experiments. 
 
Characteristics Batch  
(Industry A) 
TSAD and 
TPAD  
(Industry A) 
Batch, TSAD and 
TPAD  
(Industry B) 
Conventional, TSAD 
and TPAD (Industry 
B) 
(17/05/11) 
Conventional, TSAD 
and TPAD  
(Industry B) 
(17/06/11) 
Wastes used DAF sludge and 
paunch 
Pre-DAF Pre-DAF, DAF-
sludge and DAF-
supernatant 
DAF-sludge DAF-sludge 
pH 7.07 7.14 7.2 7.32 7.0 
TS (mg/L) 21333 24244 20767 19021 18700 
TVS (mg/L) 13417 17622 13967 12424 13150 
CODt (mg/L) 20425 29200 15100 18950 19700 
CODs (mg/L) 558 660 2300 830 1320 
T-PO4
3-
 (mg/L) 827.5 185 1850 1416 1640 
T NH3-N (mg/L) 69.5 726 646 971 798 
VA (mg/L) 36 - 103 50 153 
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3.2 Analytical Methods 
3.2.1 Gas analysis 
 
Gas produced in each serum bottle was measured daily using a gas displacement 
device (Demirer & Othman 2008; Ergüder, Güven & Demirer 2000). The methane content of 
the biogas was determined as follows. A known volume of headspace gas (V1) produced in a 
serum bottle was syringed out and injected into another serum bottle containing 20 g/L KOH 
solution. This serum bottle was shaken manually for 3-4 min so that all the CO2 and H2S were 
absorbed in the concentrated KOH solution. The volume of the remaining gas (V2), which was 
99.9% CH4, in the serum bottle was determined by the means of gas displacement device. The 
ratio of V2/V1 provided the content of CH4 in the headspace. The methane content of the 
biogas was measured at least once every week. 
 
 
 
 
3.2.2 pH and  Solids 
 
The measurement of pH was carried out using a calibrated pH meter (ThermoOrion, 
Model 550A). The total solids (TS) and volatile solids (VS) were measured according to the 
Standard Methods 2540G (American Public Health Association 1998). Suspended solids (SS) 
and total dissolved solids (TDS) were measured according to Standard Methods 2540D and 
2540C.  
 
3.2.3 COD, NH3-N, PO4
3-
, VA, TKN and TN 
 
The measurements of COD, ammonia-nitrogen (NH3-N), volatile acids (VA), PO4
3-
, 
total kjeldahl nitrogen (TKN) and total nitrogen (TN) were made by colorimeteric techniques 
using HACH spectrophotometers DR/4000 and DR/5000 as shown in Table 3-6.  
 
 

CO
2
 H
2
O  H
2
CO
3
OHKHCOKOHCOH
2332

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Table 3-6: HACH analysis methods. 
Analysis HACH Method 
COD 8000 
NH3-N 10031 
PO4
3-
 10127 
VA 8196 
TKN 10242 
TN 10072 
 
3.2.4 Digestate quality 
 
Digestate quality is important in the AD process. Two of the popular methods are 
FTIR and elemental analysis (known as XRF). Fourier transform infrared (FTIR) analysis is 
used as a quantitative tool to analyse the transformation in the organic matter at the end of the 
AD process. X-ray florescence (XRF) is able to determine the elemental composition of a 
sample and provide a full qualitative and quantitative analysis. 
 
3.2.4.1 Fourier Transform InfraRed (FTIR) analysis 
 
Duplicate samples were obtained from the AD reactors from each process showing the 
best CBP and dried at 105°C for at least 24 hours to ensure complete drying for ease grinding 
with mortar and pestle. All samples were mixed with 200 mg KBr (FTIR grade). Samples 
were transferred to sample holder of Spectrum 100 (DRIFTS mode) (Haberhauer & Gerzabek 
1999). Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was selected 
because it has been shown to be more sensitive to surface components as compared to 
transmission measurements (Mitchell 1993). FTIR scanning was conducted at room 
temperature - resolution was set to 16 cm
-1
 and operating range was 400 to 4000 cm
-1
. Thirty 
two scans per sample was recorded, average and corrected.  
 
3.2.4.2 Elemental analysis 
 
The samples were obtained from the AD reactors and dried at 105°C for at least 24 hours 
to ensure complete drying. The XRF analysis was done using the S2-ranger Energy 
Dispersion XRF at Bruker AXS, Melbourne. 
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3.3 Experimental Procedures 
3.3.1 Batch tests 
 
Biogas production potential (BPP) experiments were performed to determine the 
anaerobic and biogas production from the wastes tested. Batch anaerobic tests involved 
mixing seed and wastes at a ratio of which the required organic loading of gCODg/VS was 
obtained. For meat industry A, sixteen batch anaerobic reactors of 150 mL effective volume 
were operated at mesophilic conditions (35°C). Thirteen batch anaerobic reactors (Grace 
Davison, U.S.) of 100 mL working volume were used for meat industry B. For meat industry 
B, 70 mL of seed was added to all the reactors, except the blank reactors. Then each reactor 
was fed with 30 mL of one of the waste samples, e.g. pre-DAF, DAF-sludge, DAF-
supernatant and DAF-supernatant mixture (50:50 mixture of DAF-sludge and DAF-
supernatant), corresponding with respective organic loadings. This experiment was run for 28 
days. For meat industry A, the AD of the DAF-sludge was carried out at organic loadings of 
3.4, 2.6, 1.7 and 0.8 gCOD/gVS. The AD of the paunch waste was carried out at organic 
loadings of 1.9 and 3.9 gCOD/gVS. This set was run until the biogas production has 
stabilised. Suba seal septa (Sigma Aldrich) were used as covers to ensure that no air enters the 
reactors. Control reactors containing seed and water were also included in the BPP assay to 
determine the background gas production. All the reactors were sealed with natural rubber 
sleeve stoppers, and kept in a shaker (INFORS HT, Switzerland) at 35±1°C and 100 rpm. The 
reactors were monitored for biogas production on a daily basis and the percentage of CH4 in 
the biogas was measured every alternate day during the experiment period. All reactors were 
run in duplicates. Full characterisation of the effluent was performed at the end of the 
experiment.  
 
3.3.2 Two-stage (TSAD) and two-phase AD (TPAD) 
 
Throughout this thesis, TPAD refers to an acidogenic reactor (at a higher temperature 
of 55°C) as the first phase, which is followed by a methanogenic reactor as the second phase 
in series. Two-stage AD (TSAD) includes both stages reactors at the same temperature, 
usually at mesophilic conditions (35°C). 
 
The characteristics of the pre-DAF waste from industry A and seed used in this experiment 
are given in Table 3-2 and Table 3-5. Twelve anaerobic reactors (Grace Davison, U.S.) of 100 
mL working volume, with no recycle were operated at HRTs of 2, 4 and 8 days. Six of the 
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reactors were put in a shaker (INFORS HT, Switzerland) at 55±1°C and 100 rpm and referred 
to as thermophilic first phase whereas the other six of the reactors maintained at 35±1°C and 
100 rpm were referred to as the mesophilic first stage reactors. Duplicate reactors were 
operated for each HRT. Operating the reactors involved daily feeding of raw waste and 
wasting of an equal volume of reactor contents, depending on the HRT. Initially, 70 mL of 
seed was added to all the reactors, except the Blank reactors (waste only). The Control (Con) 
reactors contained seed and water. The effluent from the first stage and first phase reactors 
were analysed every few days for CODt, CODs, TS, VS and VA. On the last day of operation 
(Day 14), the effluents from the reactors were collected and subjected to BPP assay. 
 
The second stage and second phase reactors were carried out under batch conditions at 
different HRTs at 35±1°C as batch anaerobic reactors (Grace Davison, U.S.). The reactors 
were fed the effluent from the first stage and first phase reactors. The waste to seed ratio used 
for the start-up was 30:70. The Control reactor contained seed but was fed with water. The 
reactors were flushed with 100% N2 gas for 5 min, then sealed with natural rubber sleeve 
stoppers, and maintained in a shaker (Infors HT, Switzerland) at 35±1°C and 100 rpm. Gas 
production and CH4 content were monitored daily for 14 days. 
 
3.3.3 Continuous TSAD and TPAD experiment 
 
As the section above, a similar experiment methodology was carried out for industry B  
The purpose of this section was to provide a preliminary understanding of the wastes 
available for biogas production. The characteristics of the wastes from industry B and seed 
used in this experiment are shown in Table 3-3 and Table 3-5, respectively. Sixteen reactors 
of 100 mL working volume, with no recycle were operated at two different HRT of 2 and 4 
days. Duplicate reactors were operated for each HRT. The first phase and first stage reactors 
were operated at 55°C and 35°C, respectively. Initially, 70 mL of seed was added to all the 
reactors, except the blank reactors (waste only). The operation of the reactors involved daily 
wasting and feeding of designated volume of reactor contents and feeding of equivalent 
volume corresponding to the operating HRT (from second day onwards. On the last day of 
operation (day 14), the effluents from the reactors were collected and subjected to BPP assay. 
The effluent from the first stage and first phase reactors were analysed every few days for 
CODt, CODs, TS, VS and VA. The methodology for the second stage and second phase 
reactors were carried out under batch conditions as described in section 3.3.2. 
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3.3.4 Conventional and TPAD 
 
DAF-sludge from industry B was assessed under three different AD process 
configurations. These are (i) conventional AD, i.e. complete mixed reactor, mesophilic 
conditions and continuously fed (in this experiment the reactors were fed intermittently), (ii) 
TPAD (as described in section 3.3.2) and (iii) TSAD (as described in section 3.3.2).  For the 
first phase reactors HRTs of 4 and 8 days were applied. The effluent from the reactors would 
then be the influent for the second phase reactors. The second phase reactors were operated at 
HRTs of 10, 15 and 20 days. After 32 days of the first phase reactors (i.e. 8 and 4 cycles for 
reactors running at HRTs of 4 and 8 days), the second phase reactors were started. For the 
second phase reactors, similar DAF-sludge to seed ratios were used for start-up. The reactors 
operated at different HRTs that corresponded to organic loadings can be seen in Table 3-7. 
For each condition tested, at least duplicate reactors were performed for each condition.  
 
For the conventional AD experiment, the second stage of the TSAD reactors that were 
operating for 106 days, were changed to conventional AD conditions. The reactors were 
directly fed with DAF-sludge and operated at HRTs of 15, 20 and 30 days which correspond 
to volumetric loading of 5.0, 4.0 and 3.0 kgVS/m
3
.day. 
 
Table 3-7: Organic loadings at start up for second phase and second stage reactors. 
1P HRT (days) 2P HRT (days) Organic loading (gVS/gVS) 
TPAD- second phase    
4 10 1.04 
8 10 1.07 
4 15 0.88 
8 15 1.21 
4 20 0.51 
8 20 0.8 
TSAD- second stage   
4 15 1.3 
8 15 1.1 
4 20 0.99 
8 20 0.88 
4 30 0.9 
8 30 0.7 
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RESULTS AND DISCUSSION 
 
4 BATCH ANAEROBIC DIGESTION 
4.1 Introduction 
 
Organic loading applied on a digester is an important parameter as this would either 
improve the performance of the AD or cause inhibition, which may lead to process failure. 
The batch tests discussed in this chapter were used to identify the best conditions, in particular 
organic loading, for the AD of different wastes. Waste to seed ratio was used to determine the 
organic loading in the batch tests. For Industry A and B selected for this study, all wastes 
generated onsite were characterised. Following this investigation, the first experiment used 
batch tests to assess the effect of organic loading on biogas production for the different wastes 
that have potential as a feedstock for AD, i.e. pre-DAF, DAF-sludge and DAF-supernatant. 
Based on the results from the batch tests, it was necessary to further investigate the effect of 
organic loading on the AD of DAF-sludge mainly to assess the anaerobic digester 
performance at a wider range of organic loading.  
 
4.2 AD of Different Wastes 
 
Daily biogas production normalised per unit mass of volatile solids added (waste and 
seed) (mL biogas/gVSadded) was used as an indicator of the performance under continuous 
conditions.  
 
Biogas production in reactors fed with the wastes, namely pre-DAF, DAF-sludge, DAF-
supernatant and DAF-mixture (i.e. equal volumes of DAF-sludge and DAF-supernatant), 
representing organic loadings of 1.3, 0.1, 7.5 and 3.8 gCOD/gVS, respectively, were observed 
for 28 days. CBP under batch conditions was used as an initial indicator of the waste potential 
for biogas production. Figure 4-1 presents the CBP for the different wastes, hence the 
different loadings. Con70 in Figure 4-1 are the control reactors where 70 mL of seed was 
added into a reactor. The trend in biogas production from the pre-DAF and DAF-supernatant 
showed different pattern compared to that observed for the DAF-sludge and DAF-mixture. 
Biogas production from the pre-DAF started with a small volume of biogas at day 1, i.e. 30 
mL, which increased till day 13 then stabilised showing little increase in gas production for 
the remainder of the experiment duration. A similar pattern in biogas production was 
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observed for the DAF-supernatant, i.e. high gas production rate followed by a slower rate for 
the remaining period. It was also noticed that for pre-DAF, almost 85% of the biogas was 
produced during the first 12 days but for DAF-supernatant biogas production took almost 20 
days to achieve 85% of the total CBP.  
          .  
Whereas, for the DAF-sludge and DAF-mixture biogas production started with a higher initial 
biogas volume, approximately 50 mL, which was in line with the organic loadings applied on 
these reactors. The rate of biogas production was slow during the first 13 and 20 days for the 
DAF-mixture and the DAF-sludge, respectively, followed by higher rates of gas production 
for the remaining period of the experiment.  
 
The slow gas production in the reactors that received the DAF-sludge can be attributed to the 
high initial concentrations of NH4 and VA (Table 3-3). These constituents have been reported 
to have an inhibitory effect on AD if present at high levels, e.g. g/L VA and 1.1 g/L N as 
reported by Hansen, Angelidaki & Ahring (1998) and Siegert & Banks (2005). The 
concentration of VA and NH3-N in the reactors that received Pre-DAF and DAF-supernatant 
were less than the inhibitory threshold values, however the NH3-N and VA content of DAF-
sludge was at 1480 and 8100 mg/L, respectively. The CBP trends observed in these reactors 
indicated that the conditions were inhibitory to the methanogenic bacteria, which are active 
and predominant in the initial stage. In addition, the high organic loading present in the 
reactors fed by DAF-sludge could have limited the activities of the AD bacterial population 
during the first 13 days. At the end of the experiment at day 28, reactors containing DAF-
sludge still showed high VA concentration (4000-5000 mg/L), which suggested that longer 
period of time, was required for the microorganisms to consume the VA complete digestion.   
 
The biogas produced from all reactors, except those fed with DAF-sludge, showed high 
methane content throughout the experimental period ranging from 75-85%. However, the 
methane produced from DAF-sludge was initially lower at 45-48%, day 8 to 15 then increased 
to 70-75% from day 19 till the end of the experiment. 
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Figure 4-1: CBP for different wastes from industry B. A) Pre-DAF; B) DAF-supernatant; C) 
DAF-sludge and D) DAF-mixture. 
 
The content of the reactors were analysed after 28 days, the last day of the experiment. The 
potential for biogas production from the different wastes was evaluated in terms of COD, TS 
and VS removal. As shown in Table 4-1, biogas production from Pre-DAF at 1.3 gCOD/gVS 
exhibited the highest COD, TS and VS removal of 97, 25 and 40%, respectively.  
 
Reactors treating DAF-sludge showed the lowest COD and solids removal compared to those 
treating Pre-DAF, DAF-supernatant and DAF-mixture. This trend may be due to the complex 
organic matter of the sludge, which means that longer time would be needed for the 
degradation of these organics. The DAF-supernatant negative VS removal was due to the low 
initial concentration of TS and VS and may come from the anaerobic seed. 
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Table 4-1: Performance of batch AD reactors in terms of COD removal, TS and VS removal 
for the different wastes tested. 
 
  
Loading 
(gCOD/gVS) 
*COD 
removal % 
**TS 
removal % 
**VS 
removal % 
Biogas (m
3
 biogas/kg 
VS) 
Pre-DAF 1.3 96.8 24.6 40.4 0.382 
DAF-supernatant 0.1 94.7 12.1 -6.2 0.148 
DAF-sludge 7.5 90.4 21.1 5.4 0.076 
DAF- mixture 3.8 66.3 14.1 19.1 0.189 
* Based on influent total COD and effluent soluble COD 
** Based on influent TS or VS and effluent TS or VS 
 
The results obtained showed that the organic loading has an impact on the AD process. AD of 
the Pre-DAF showed the best potential in terms of the quantity and quality of the biogas, 
producing 0.382 m
3
 biogas/kgVSadded at organic loadings of 1.3 gCOD/gVS. The reactors fed 
with DAF-supernatant, DAF-sludge and DAF-mixture produced lower volumes of biogas of 
0.148, 0.076 and 0.189 m
3
 biogas/kgVSadded corresponding to organic loading of 0.1, 7.5 and 
3.8 gCOD/gVS, respectively. Theoretically, biogas from DAF-sludge should be higher as 
compared to biogas from pre-DAF because the loading of DAF-sludge was about 6 times 
higher of Pre-DAF. However, this was not the case as the biogas produced from Pre-DAF was 
5 times higher than the biogas from DAF-sludge. 
 
4.2.1 Summary of findings 
 
o The pre-DAF wastewater at 1.3 gCOD/gVS organic loading produced more biogas per 
unit mass of volatile solids compared with the other wastes used in the experiment.   
o Waste to seed ratio of 30:70 (v/v) was only suitable for Pre-DAF and DAF-
supernatant. It was found that when 30:70 (v/v) of DAF-sludge:seed was applied, the 
AD process was inhibited as indicated by the low CBP and biogas yield. The TS and 
COD content of the DAF-sludge sample resulted in over loading, hence poor 
performance. Therefore, the following section investigated the feasibility of AD of 
DAF-sludge at lower OLRs. 
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4.3 AD of DAF-Sludge and Paunch at Different Organic Loadings 
 
At least two reactors were operated at each conditions. The results shown in Figure 
4-2 are the average values obtained. The highest CBP was 0.53 m
3
 biogas/kg VSadded obtained 
for DAF-sludge at a loading of 3.4 gCOD/gVS. Control105 and ControlC1 shown in Figure 
4-2 and Figure 4-3, respectively, are the control reactors. 
 
As shown in Figure 4-2 biogas production proceeded in the reactors at a rate inversely 
proportional to the OLR, for example 450 mL biogas in 5 days at 0.8 gCOD/gVS, 500 mL 
biogas in 12 days at OLR of 1.7 gCOD/gVS, 700 mL biogas in 20 days at OLR of 2.6 and 
300 mL biogas in 20 days at 3.4 gCOD/gVS.  This represents production rate of 104, 46, 40 
and 15 mL/day at 0.8, 1.7, 2.6 and 3.4 gCOD/gVS, respectively. It was observed that at 
loading of 3.4 gCOD/gVS, biogas production after approximately 20 days accelerated at a 
daily production rate of 12-23 mL biogas/gCODadded.    
 
The CBP at the end of the experiment duration was proportional to the OLR, where 700, 810, 
1150 and 1950 mL biogas was produced at the OLRs 0.8, 1.7, 2.6 and 3.4 gCOD/gVS. This 
shows that around 80% of the CBP collected over 50 days was obtained after 8, 15, 26 and 38 
days for OLRs of 0.8, 1.7, 2.6 and 3.4 gCOD/gVS. Considering that the 20% biogas yield was 
achieved with extended exposure it may be more economical to use these periods as the 
detention time at the corresponding OLRs. 
 
 
Figure 4-2: CBP for DAF-sludge at different OLRs. 
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The CBP produced from paunch (Figure 4-3) showed different trends compared to the CBP 
from the DAF-sludge It was observed that the CBP did not increase significantly with 
increased OLR from 1.9 to 3.9 gCOD/gVS, when theoretically higher loading should give 
higher biogas production. It seems that high organic loading and high pH of 7.9 on day 6 may 
have caused an inhibition to the AD process. Analysis of the reactor operated at 3.9 
gCOD/gVS loading at day 12 showed that high VA concentration of 936 mg/L, which might 
have inhibited the methanogens microorganisms. 
 
For paunch (Figure 4-4), the CBP in the reactor operated at 1.9 was slightly higher that at 3.9 
gCOD/gVS. The highest biogas yield was 0.29 m
3
 biogas/kg VSadded at a loading of 1.9 
gCOD/gVS. This indicates that 1.9 gCOD/gVS is the optimum loading at the conditions 
tested.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-3: CBP for paunch at OLRs of 1.9 and 3.9 gCOD/gVS. 
 
Figure 4-4: Raw paunch sample. 
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4.3.1 Performance of batch AD reactors 
 
The other benefits of AD are manifested in the TS, VS and COD removal. A summary 
of the results can be seen in Table 4-2. Removal of TS was achieved in all reactors. TS and 
VS removal ranged from 20 to 40% and 21 to 46%, respectively. Similar VS removal was 
reported by (Luste & Luostarinen 2010), which indicated that low VS removal was due to the 
difference on the production sites and relative proportions of fats, proteins and carbohydrates. 
Results show that a minimum of 90% COD removal was achieved for all the DAF-sludge 
using acclimated seed. This indicates that the organic constituents in the samples were almost 
completely removed within the 45 days of the experiment at lower loadings. 
 
The NH3-N content in the reactors was observed at least once a week for 24 days. From the 
results obtained, it was observed that NH3-N concentration for reactors containing DAF-
sludge was below the inhibition range (1500-2000 mg/L). It can also be seen that there was a 
reduction of NH3-N content at the end of the experiment, indicating that the methanogenic 
bacteria were acclimatised to the seed and was tolerable at different loadings of DAF-sludge. 
Similarly, reactors containing paunch showed lower NH3-N concentration during the 
experimental period. 
 
Table 4-2: Biogas production and process performance in terms of COD, TS and VS removal. 
Loading 
(gCOD/gVS) Days 
Total 
biogas 
(ml) 
Biogas 
(m
3
/kgVS 
added) 
CH% 
 
*COD 
removal 
% 
**TS 
removal 
% 
**VS 
removal 
% 
DAF-sludge        
3.4 60 1930 0.53 64±7.0 98.2 30 41 
2.6 52 1150 0.37 73±7.8 99.3 41 52 
1.7 42 831 0.33 72±7.3 98.5 28 37 
0.8 42 711 0.36 72±9.2 91.2 22 28 
Paunch        
3.9 52 957 0.23 59±8.9 98 37 43 
1.9 52 918 0.29 59±8.8 99 20 27 
* calculated based on influent total COD and effluent soluble COD 
** Based on influent TS or VS and effluent TS or VS 
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4.3.2 Summary of findings 
 
The optimum loading for DAF-sludge in terms of biogas production was 3.4 
gCOD/gVS. Under this loading, the CBP obtained was 0.53 m
3
 biogas/kg VSadded measured 
after 60 days. The results also showed that high concentrations of NH3-N and VA have an 
inhibiting effect on the AD process, especially at loadings higher than from 3.4 gCOD/gVS. 
AD of paunch under batch conditions, showed the highest CBP of 0.29 m
3
 gas/kgVSadded at 
OL of 1.9 gCOD/gVS. Hence, batch tests at loadings higher than 3.4 gCOD/gVS are not 
recommended. 
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5 CONTINUOUS AD PROCESSES 
5.1 Introduction 
 
This chapter addresses the effect of HRT on the performance of TSAD and TPAD for 
different types of wastes. HRT plays an important role in the design and operation of biogas 
digesters. As described in section 3.3.2, both the first phase and first stage reactors of the 
TSAD and TPAD were operated under continuous conditions whereas the second phase and 
second stage were operated as batch reactors. The substrates used in Section 5.2 and 5.3 were 
pre-DAF, DAF-supernatant and DAF-sludge, and DAF-mixture, respectively. The aim of 
these experiments was to evaluate the effect of introducing a thermophilic phase preceding a 
conventional mesophilic AD reactor on biogas production. The aim of operating mesophilic 
first stage reactors was not to assess their potential implementation rather it was to compare 
thermophilic and mesophilic AD reactors performance at the same HRT. 
 
5.2 Combined Continuous & Batch AD Processes 
 
The organic loadings to the reactors that received pre-DAF, DAF-supernatant, DAF-
sludge and DAF-mixture from Industry B were 1.34, 0.14, 7.5 and 3.82 gCOD/gVS, 
respectively. To assess the effect of a thermophilic first phase on the AD of these wastes, 
another set of reactors were operated at 35ºC. Both the first phase and first stage reactors were 
run for 14 days.  
 
Table 5-1: Organic loadings applied for the continuous AD experiments. 
 
Wastes Organic loading (gCOD/gVS) 
(initial start up) 
Pre-DAF 1.34 
DAF-supernatant 0.14 
DAF-sludge 7.5 
DAF-mixture 3.82 
 
As shown in Figure 5-1, biogas production at 35ºC and organic loading of 1.34 gCOD/gVS, 
was 20% and 25% higher than at 55ºC, for HRTs of 2 and 4 days, respectively. The reactors 
that received the highest organic loading of 7.5 gCOD/gVS showed no significant effect for 
temperature or HRT on biogas production during this phase, at the conditions tested. Biogas 
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production at the lowest organic loading of 0.135 gCOD/gVS, DAF-supernatant, at 
mesophilic conditions was approximately double that produced at 55°C and HRT of 2 days 
(Figure 5-1).   
 
Table 5-2 shows biogas production in terms of volume (mL) of biogas produced/gCOD of 
waste added per day, for all reactors. Assessing biogas production potential for the different 
samples on this basis indicated that for the same HRT, thermophilic was more effective than 
mesophilic AD, for all waste samples except for DAF-sludge. For example, for Pre-DAF, 
DAF-supernatant and DAF-mixture samples at HRT 2 days, 9%, 127% and 27% more biogas, 
respectively, were produced at 55ºC compared to 35ºC,. Similarly, 38%, 53% and 11% 
increase in volume of biogas/gVS was observed at HRT of 4 days for the same samples. On 
the other hand, biogas production for DAF-sludge at 55ºC was lower than at 35ºC for both 
HRT tested. These results indicate that the characteristics of the waste material play a major 
role on the effectiveness of AD and quantity of biogas produced. For example, at HRT of 2 
days, the reactors that received DAF-supernatant, 0.134 gCOD/gVS, which is approximately 
10% of the loading in the reactors that received Pre-DAF, 1.34 gCOD/gVS, showed 55% and 
220% more biogas production at 35ºC and 55ºC, respectively. Assessing the potential of 
biogas production based on CBP as depicted in Figure 5-1 and Table 5-2 (total biogas in mL) 
suggested that DAF-sludge at the conditions tested was a function of the organic loading and 
followed the same ascending order.  
 
The initial pH of the waste samples is shown in Table 3-3. At the start of the experiment, the 
pH in all reactors decreased at varying rates. It was observed that the pH drop was inversely 
proportional to the HRT, but proportional to the organic loading. The drop in pH was 
expected because lower HRT is associated with higher acidification in two-phase AD 
processes (Demirer & Othman 2008; Liu et al. 2006). For the reactors operated at 35°C, the 
pH slowly dropped during the first 8 days, indicating a degree of acidification has occurred. A 
similar trend in pH drop was reported for the first phase of TPAD of food wastes (pH 7.5 to 
4.5) and solid wastes (pH 6.0 to 5.0) reported by Liu et al. (2006). From day 9, the pH slowly 
increased reaching 7.3-7.4 at the end of the first phase (or at day 14) for DAF-sludge and 
DAF-mixture. The pH profile for both first phase and first stage are shown in Figure 5.2 
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Figure 5-1: CBP for the different wastes in the first phase reactors (55C) and first stage 
reactors (35C). A) Pre-DAF; B) DAF-supernatant; C) DAF-sludge and D) DAF-
mixture. 
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Table 5-2: Summary of total and normalised biogas production for the different wastes from 
industry B. 
   
First 
phase  
First 
phase 
 
  
1
st
 +2
nd
 
phases 
  Week 1 Week 2 Week 1 Week 2 
Second 
phase  
Total 
biogas 
 
Temperature, 
HRT Days 
mL 
biogas/ 
gCOD.d 
mL 
biogas/ 
gCOD.d 
mL 
biogas/g 
VS.d 
mL 
biogas/g 
VS.d 
mL 
biogas/
gCOD 
mL 
biogas
/gVS 
mL 
Pre-
DAF 
   
35˚C, 2d 6.5 3.5 14.9 7.9 334.2 815.1 551 
35˚C, 4d 7.3 3.7 16.8 8.5 364.4 483.5 375 
55˚C, 2d 4.6 3.7 10.5 8.6 637.6 1453.8 491 
55˚C, 4d 6.9 5.1 15.9 11.7 1063.8 2334.4 512 
DAF-
supernat
ant 
 
35˚C, 2d 58.87 8.9 80.8 12.3 871.9 1860.3 280 
35˚C, 4d 211.2 15.7 290.4 21.6 1370.4 2821.5 391 
55˚C, 2d 22.3 20.3 30.6 27.9 770.5 1403.9 227 
55˚C, 4d 43.5 24.1 59.8 33.1 1308.3 3503.3 210 
DAF-
sludge 
  
 
   
35˚C, 2d 6.8 7.4 12.5 13. 6 12.7 22.6 1310 
35˚C, 4d 10.8 16.9 19.7 30.9 16.2 35.9 1268 
55˚C, 2d 7.0 6.5 5.6 5.6 30.2 43.1 1359 
55˚C, 4d 11.4 10.7 20.78 19.54 37.4 79.6 1205 
DAF-
mixture 
   
 
35˚C, 2d 5.8 8.3 10.5 14.9 11.1 26.3 676 
35˚C, 4d 9.1 12.6 16.2 22.7 23.2 63.7 536 
55˚C, 2d 7.9 10.5 14.2 18.9 19.4 38.3 911 
55˚C, 4d 11.3 14.0 20.3 25.2 46.4 112.1 666 
 
 
 50 
5.2.1 Cumulative biogas production (CBP)  
 
The CBP produced in the second phase (batch) reactors operated at 55ºC during the 
first phase was 62, 154 and 80% higher than in the second phase reactors operated at 35ºC, for 
Pre-DAF, DAF-supernatant, DAF-sludge and DAF-mixture. This effect was significant for 
DAF-sludge and DAF-supernatant and DAF-mixture at HRT of 2 days. The enhancement was 
clear using normalized biogas production (i.e. mL biogas/gCOD or mL biogas/gVS) as a basis 
for comparison. For example, 90%, 138% and 75% mL biogas/gCOD increase in biogas 
production from pre-DAF, DAF-sludge and DAF-mixture, respectively, were obtained using 
TPAD (thermophilic/mesophilic) and 2 days HRT, compared with conventional mesophilic 
AD and same HRT (Table 5-2). Higher degree of enhancement to biogas production of 192%, 
100% was obtained at longer HRT of 4 days for Pre-DAF and DAF-supernatant, respectively, 
but remained the same for DAF-sludge.   
 
Further, it was observed that the rate of biogas production was also improved using TPAD. 
For pre-DAF and DAF-supernatant, 40-48% of the total CBP was produced during the first 3 
days whereas 6 days were required to achieve same level of biogas production using TSAD. 
No significant effect was observed on the rate of biogas production from DAF-sludge and 
DAF-mixture. 
 
The pH measured in the reactors at the end of the second phase ranged from 7.06 – 7.45 
which was around 0.20 – 0.7 higher than the initial values. The increase in pH could be due to 
conversion of VFA to CH4 and CO2 by methanogenic bacteria as well as the alkalinity 
generated by the anaerobic biodegradation of nitrogenous organic compounds (Speece 1996) 
contained in the substrate, meat waste. 
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Figure 5-2: pH profile for first phase and first stage reactors. 
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The total volume of biogas (i.e. combined first and second phase) produced from DAF-
sludge, DAF-mixture, Pre-DAF and DAF-supernatant using TPAD and HRT of 2 days was 
1359, 911, 491 and 227 mL biogas. These volumes indicate that biogas production from the 
different wastes was proportional to the organic loading. But a comparison in terms of 
normalised biogas production (i.e. mL biogas/gCOD or mL biogas/gVS showed a completely 
opposite trend, i.e. normalised biogas production was inversely proportional to organic 
loading. For example, at HRT of 4 days 1.38, 1.08, 0.07 and 0.06 m
3
 biogas/kgCOD were 
obtained for DAF-supernatant, pre-DAF, DAF-mixture and DAF-sludge.  
 
 
Figure 5-3: CBP for the different wastes in the second phase and second stage reactors (batch 
conditions). (A) Pre-DAF; (B) DAF-supernatant; (C) DAF-sludge and (D) DAF-
mixture. 
 
Efficient degradation of meat wastes was a consequence of thermophilic temperature and 2 
days HRT, and as a result of high theoretical methane potential of lipids, proteins and 
carbohydrates (Alvarez & Lidén 2008; Salminen & Rintala 1999), relatively higher biogas 
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was produced. This experiment showed that TPAD systems outperform TSAD systems, due 
to enhanced hydrolysis of the polymeric feedstock in the thermophilic digester.  
 
Overall, reactors operated at thermophilic conditions (55°C) showed better results as 
compared to mesophilic conditions (35˚C). Also, longer HRTs showed better performance, 
based on normalised biogas production, at all conditions tested.  
 
5.2.2 Methane gas 
 
As methane was theoretically not produced in the first phase, methane gas was not 
measured. Methane gas from the second phase was measured at least once every week. The 
highest biogas methane content of almost 80% was measured for the DAF-supernatant at 
35°C for both HRTs of 2 and 4 days (Table 5-3). Whereas, pre-DAF samples showed the least 
biogas methane content of 40-75%. 
 
Biogas produced at 55°C, showed the best results in terms of methane content (75-80%). On 
the other hand, DAF-sludge samples produced the least amount of methane (45%). The biogas 
quality at TSAD (35°C) and TPAD (55°C) are as shown in Table 5-3. The low methane 
content in the reactors that received DAF-sludge is in agreement with the low and slow rate of 
biogas production observed in these reactors and supports the suggestion that the high volatile 
acids concentrations in these reactors limited the biodegradation of the DAF-sludge and the 
activities of the methanogenic bacteria. Most likely, the initial methane produced was from 
the rapidly biodegradable organics. 
  
5.2.3 TPAD and TSAD process performance   
 
A summary of COD, TS and VS removal for the TPAD and TSAD is shown in Table 
5-3. In terms of COD removal, TPAD at HRT of 4 days, Pre-DAF showed the best removal 
efficiency of 96.7%. TS and VS removal of 24 and 35% were achieved at TPAD with HRT of 
2 days in the first phase.  
 
Higher COD removal of 63% and 76% were achieved for DAF-mixture using TSAD at HRTs 
of 2 and 4 days, respectively. These results showed an improvement as compared to the 
results reported by Beux, Nunes & Barana (2007) for slaughterhouse waste where 50% of 
COD removal was achieved at HRT of 1 day. It was also observed that COD removal was 
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proportional to HRT, which was also observed by Beux, Nunes & Barana (2007). However, 
this was not the case for the reactors with DAF-sludge, where improved COD removal was 
observed at the short HRT in the first phase or first stage.  Overall, it was observed that TSAD 
outperform TPAD in terms of COD, TS and VS removal efficiencies. These results are 
contrary the findings by  Lv, Schanbacher & Yu (2010), who reported that TPAD showed 
higher VS removal than TSAD both at HRT  of 3 and 6 days. 
 
Table 5-3: Overall process performance in terms of biogas CH4 content, COD, TS and VS 
removal. 
Wastes CH%  *COD 
removal % 
**TS 
removal % 
**VS 
removal % 
Pre-DAF     
 35°C, HRT 2 days 40.13 95.9 20 32 
 35°C, HRT 4 days 75.93 96.6 19 31 
 55°C, HRT 2 days 57.62 96.0 24 35 
 55°C, HRT 4 days 67.41 96.7 17 28 
DAF-supernatant     
 35°C, HRT 2 days 78.36 93.1 22 35 
 35°C, HRT 4 days 78.13 94.5 20 34 
 55°C, HRT 2 days 75.20 91.4 21 33 
 55°C, HRT 4 days 79.83 92.7 18 27 
DAF-sludge     
 35°C, HRT 2 days 69.38 73.3 37 32 
 35°C, HRT 4 days 66.67 71.8 33 26 
 55°C, HRT 2 days 45.81 77.5 32 26 
 55°C, HRT 4 days 45.25 75.3 35 28 
DAF-mixture     
 35°C, HRT 2 days 63.21 74.6 23 34 
 35°C, HRT 4 days 75.83 77.9 22 31 
 55°C, HRT 2 days 52.50 73.0 20 28 
 55°C, HRT 4 days 58.59 70.0 26 32 
* Based on influent total COD and effluent soluble COD 
** Based on influent TS or VS and effluent TS or VS 
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5.3 Effect of Hydraulic Retention Time 
5.3.1 First phase and first stage AD 
 
Samples were operated at various HRTs (2, 4 and 8 days) in the first phase (55°C) and 
first stage (35°C) to study the effect of these conditions on the AD of pre-DAF waste. Figure 
5-4A depicts the CBP of the Pre-DAF in the first phase reactors. As observed in the first stage 
at 35°C (Figure 5-4B), biogas production rate was slow for both HRTs of 2 and 4 days during 
the 14 days of hydrolysis. Nevertheless, it did not stabilise when the acidification phase was 
ended. For the first phase reactors (at 55°C) an increase in the production of biogas at 2 and 4 
days HRTs increased at steady during the 14 days duration of the experiment. The CBP at 
HRT of 2 and 4 days was 250 and 230 mL. Similarly, the reactors operated at HRT of 8 days 
and 35°C and 55°C showed continued increase in biogas production during the 14 days 
duration of the experiment. It was also noticed that the biogas produced after 14 days was 
almost half (150 mL biogas) the production at 35°C (500 mL biogas). In practice, the results 
show that at higher HRT lower biogas was produced indicates proportional relationship with 
organic loading. 
  
Overall, the pH of the first phase system remained between 6.6 and 7.6. These results are in 
agreement with those obtained by (Bouallagui et al. 2009) in the mesophilic and thermophilic 
AD of abattoir waste and municipal waste. Figure 5-5 depicts the pH profile for both the 
acidification phase at 35 and 55°C. As shown in Figure 5-5, the pH profiles for both first 
stage and first phase reactors are similar. Also, it was noticed higher HRTs were associated 
with higher pH. At 35°C, the pH values in the reactors operated at 8 days HRT decreased 
from 7.4 to 7.0 over the 14 days. Samples at 2 and 4 days HRT showed a further decrease to 
6.4 and 6.6, respectively. The corresponding pH value was similar of acidified food (4.5–7.5) 
in two-phase AD configurations reported in the literature (Wang et al. 2003). With samples at 
55°C, the order of the pH values of 2, 4 and 8 days HRTs were similar. However, it can be 
observed that the pH of 8 days HRT samples remained in a range of 7.4 and 7.6. This may 
suggest that 8 days HRT was too high for optimum acidification process to take place. The 
pH of samples at 4 days HRT slowly decreased to 7.2 at day 6 and further decreased to 6.7 at 
day 14. Samples at 2 days HRT showed the largest decline in pH of 7.4 to 6.8 at day 6 and 
remained the almost similar for the next 8 days. The reduction of pH obtained in the first 
phase reactors at shorter HRT were expected since it favoured the development of the 
acidogenic bacteria and impaired methanogenic archaeas, optimising the separation of phases.  
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Figure 5-4: CBP for pre-DAF. (A) first phase reactors (55°C at 2, 4 and 8 days HRT) and B 
first stage reactors (35°C at 2, 4 and 8 days HRT). 
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Figure 5-5: pH profile for AD of Pre-DAF. (A) first phase reactors (55°C and 2, 4 and 8 days 
HRT) and (B) first stage reactors (35°C and 2, 4 and 8 days HRT). 
 
5.3.2 Cumulative biogas production (CBP) 
 
The wastes treated in the first phase and first stage reactors, operated at HRT of 2, 4 
and 8 days, were then transferred to the second phase and second stage reactors, respectively, 
where they were monitored over two weeks. The CBP trends over 14 days, for the second 
phase and second stage reactors operated under batch conditions are shown in Figure 5-6. 
 
The mesophilic reactors at 2 days HRT exhibited the best CBP, producing the highest of 217 
mL biogas, the largest amount obtained during the experiment duration. The averaged biogas 
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production rate from day 1 to 6 was 31 mL biogas/day. Biogas production at 4 days HRT was 
slightly lower at a rate of 22 mL biogas/day and a CBP of 160 mL. The CBP in the reactors 
operated at 8 days HRT was less than the control reactor. The second phase reactors (running 
at 55°C) showed relatively higher biogas when compared to the mesophilic reactors. At 2 
days HRT, the biogas production rate from day 1 to 6 was 32 mL biogas/day resulting in CBP 
of 220 mL biogas. Biogas production at 4 days was at a rate of 23 mL biogas/day and a CBP 
of 171 mL. The CBP for reactors at 8 days HRT doubled the production rate of 21 mL 
biogas/day as of the mesophilic reactors with 8 days HRT, yielding a CBP of 147 mL (Figure 
5-6).  
 
The results showed an increase in biogas production associated with increasing VS removal. 
Also it was noticed that VS removal was inversely proportional to the HRT (shown in Table 
5-5). The total biogas yield (for both first and second phases/stages) in terms of m
3
 
biogas/kgVSadded for all reactors is given in Table 5-4. 
 
Table 5-4: Overall CBP for all samples in terms of m
3
 biogas/kgVSadded. 
 
 m
3
 biogas/kgVSadded 
HRT 2 days, 35°C 0.19 
HRT 4 days, 35°C 0.44 
HRT 8 days, 35°C 0.58 
HRT 2 days, 55°C 0.19 
HRT 4 days, 55°C 0.34 
HRT 8 days, 55°C 0.54 
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Figure 5-6: CBP for pre-DAF sludge (A) second phase reactors (35°C at 2, 4 and 8 days 
HRT) and (B) second stage reactors (35°C at 2, 4 and 8 days HRT). 
 
Figure 5-7 shows the CBP for Pre-DAF at organic loading of 0.28 gCOD/gVS in batch 
configuration. This was to serve as a control for the TPAD and TSAD. From day 1 to 4, 
biogas production started at a quick rate (50 mL), which showed that the organics in the 
reactors were easily hydrolysed into VA then into biogas. After day 5, biogas increased at a 
constant rate of about 50 mL/day. Biogas production slowly stabilised starting from day 18 
onwards. At 20% TS content, the CBP was 0.114 m
3
 biogas/kgVSwaste added at the end of day 
28 with an average of the methane gas ranging between 55 to 79% of biogas. The CBP was 
lower as compared to another meat waste study at similar conditions, where 0.382 m
3
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biogas/kgVSadded was observed at 15% TS (Woon & Othman 2011). The methane content was 
high for the first 8 days (83-87% of biogas), then decreased to 54-57% for the remaining of 
the experimental period.  Results showed that the pH was in the range of 7.0 and 7.4, which 
was within the range specified for optimal biogas production (Angelidaki & Sanders 2004; 
Wheatley 1990). At the end of the experiment, 40% CODt removal, 21% TS removal and 
52% VS removal efficiencies were achieved. This indicated that moderate biodegradation of 
the waste, which was assessed by methane production and substrate depletion (Angelidaki & 
Sanders 2004). 
 
Further, the biogas production potential of pre-DAF was also evaluated under batch 
conditions to compare with BPP using TSAD and TPAD processes. The CBP of pre-DAF 
under batch conditions can be seen in Figure 5-7. 
 
 
Figure 5-7: CBP for Pre-DAF at 0.4 gCOD/gVS loading, 35°C. 
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5.3.3 Process performances   
 
CODt reduction of 55 to 59% was achieved at HRT of 2 days, which was in the range 
of 54-62% COD reduction reported by Beux, Nunes & Barana (2007) for a 2 days HRT at 
32°C using slaughterhousee wastewater. VS reduction ranged between 27-52% was obtained 
in this study by means of AD. It is similar of that of 45-67% in AD of slaughterhouse waste 
with and without cattle slurry (Alvarez & Lidén 2008). However, it is much lower than that of 
79-92% VS reduction obtained by (Wu, Healy & Zhan 2009) in AD of meat and bone meal. 
 
Table 5-5: COD, TS and VS removal efficiencies of each experiment. 
 
Sample 
*CODt 
(%) 
**TS 
removal 
(%) 
**VS 
removal 
(%) 
Batch 41 21 52 
HRT 2 days, 35°C 55 37 47 
HRT 4 days, 35°C 57 39 51 
HRT 8 days, 35°C 31 6 27 
HRT 2 days, 55°C 59 38 50 
HRT 4 days, 55°C 61 37 49 
HRT 8 days, 55°C 46 8 30 
* Based on influent total COD and effluent total COD 
** Based on influent TS or VS and effluent TS or VS 
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6 CONVENTIONAL VS TWO PHASE AD 
6.1  Introduction 
 
The aim of this chapter was to investigate the performance of TSAD, TPAD and 
conventional AD for meat processing wastes. Based on the findings from chapter 4 and 
chapter 5, the HRT and organic loadings that provided the optimum biogas were used in this 
part of the study. TPAD as described in chapter 3.3.2 comprised first and second phase 
reactors operated at 55°C and 35°C, respectively. For TSAD, both stages were operated at the 
same temperature of 35°C. Unlike the process configuration in chapter 5, the second phase 
and second stage processes configuration are continuous. The biogas production and effluent 
quality were evaluated at different time points of the experimental duration. The aim of the 
TSAD was to assess the effect of the thermophilic first of the TPAD on biogas production. 
The abbreviations that are used a lot in this chapter are organic loadings (OL), hydraulic 
retention time (HRT). 
 
6.2  Effect of Hydraulic Retention Time at Continuous Conditions 
6.2.1 Daily biogas production for first phase and first stage 
 
The duration of this experiment was approximately 8 months. Start-up period was 
where the anaerobic bacteria in the anaerobic seed are being acclimatised to new 
environmental conditions and substrate. This allows the various populations of bacteria to 
efficiently degrade the substrate at maximum organic loading rate. The first-phase reactors 
showed a lag period, during which lower biogas production was obtained, around 20 days but 
no similar change to production was observed for first-stage reactors. This is most likely 
because the anaerobic seed used from mesophilic digesters. The lag period observed here was 
shorter than the 40 days start-up period for mesophilic digestion of slaughterhouse wastes 
reported by Borja, Banks & Wang (1994). Other researchers reported that 2 to 3 weeks were 
required to start up thermophilic digestion using a mesophilic anaerobic seed for digestion of 
wastes of high solids and organic matter content (Angelidaki, Ellegaard & Ahring 2003; 
Hegde & Pullammanappallil 2007). This may be due to the different condition of the substrate 
and reactor configurations. 
 
Three first-phase reactors were operated (i.e. 55°C) and three first-stage (i.e. 35°C) were 
operated at HRT of 4 days. Similarly, another set of three first-phase and three first-stage 
reactors operated at HRT of 8 days.  
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The daily biogas produced normalised per unit mass of volatile solids added (mL 
biogas/gVSadded.day) for the first phase and stage reactors at different HRTs are shown in 
Figure 6-1 and Figure 6-5, respectively. The vertical dotted pink lines showed the time at 
which new DAF-sludge samples were used. The organic loading as shown in Figure 6-1 and 
Figure 6-5 are the initial loading (gCOD/gVS) for start-up. Organic loading in terms of 
kgVSwaste added/m
3
.day was used throughout this chapter. The organic loading rates for the first 
phase ranged between 20 to 30 kgVSadded/m
3
.day throughout the experiment. On the other 
hand, organic loadings for the first stage reactors were halved due to operational problems 
during the mixing, as detailed on page 66. Biogas production during the first 10-15 days for 
the reactors operated at HRTs of 4 days was higher than that during the remaining period of 
the experiment. This was due to the higher waste volume mixed with the seed on day 1 of the 
experiment.  For reactors running at HRT of 4 days, biogas production range from 6 to 10±2.2 
mL/gVSadded.day from days 22 to 40. From day 41 to 105, the average biogas produced 
ranged from 5 to 10 mL/gVSadded.day, except for days 105-124, biogas production increased 
to 10-15 mL/gVSadded.day., where the reactors received raw DAF-sludge of lower strength. 
 
 
Figure 6-1: Daily biogas production (mL biogas/gVS.day) of first phase reactors (55°C) at 4 
and 8 days HRT. 
 
For reactors running at HRT of 8 days the volume of biogas produced was approximately 
double that measured at HRT of 4 days. The higher HRT of 8 days means the organic loading 
rate was 10 to 15 kgVSadded/m
3
.day, which is lower than the loading at HRT of days, which 
explains the higher biogas production. Also, the longer retention time provides more time for 
the microorganisms to solubilise the DAF-sludge.  
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The average biogas production at HRT of 8 days ranged from 7 to 12 mL/gVSadded.day. Also, 
similar to the reactors running at HRT of 4 days, the highest, daily compared to the average 
daily biogas production observed from days 105 to 124.  The increase of biogas was due to 
the longer retention time in the first phase, enabling more degradation of the waste by the 
thermophilic bacteria. 
 
Figure 6-2 shows the pH profile for the first phase reactors operated at 4 and 8 days HRT for 
the whole experimental period. As observed, there was a sharp decrease of almost 2 pH units 
during the first 20 days. The drop in pH is in line with the trend in biogas production shown in 
Figure 6-1. During this period, VA concentrations in the reactors ranged from 3700 to 6400 
mg/L. The decrease in pH therefore can be explained in terms of the accumulation of VFA in 
the reactors. This showed that pH plays an important role for optimum biogas production. 
After day 20, the pH slowly increased to pH of 5.6 and was stabilised for the rest of the 
experimental period.  
 
 
Figure 6-2: pH profile of first phase reactors at 4 and 8 days HRT. 
 
For the first stage reactors, the mixing was very difficult because the DAF-sludge was very 
thick. It also caused the effluent (influent to the second stage) to be very viscous, making it 
difficult to measure the exact volume. Figure 6-3 shows the reactor content attaching to the 
cap during the course of experiment. To overcome this obstacle, the organic loadings of the 
feed into the first stage reactors were reduced by halve (13-20 kgVSadded/m
3
.day for 4 days 
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HRT and 5-10 kgVSadded/m
3
.day for 8 days HRT. As a result, the daily biogas production 
ranged between 6 to 10 ml biogas/gVSadded.day for the reactors operated at 4 days HRT days 
20 to 105. There was an increase in biogas on days 114-126, which was due to the 
characteristics of the DAF-sludge that was used during that period, resulting in a much lower 
loading of 13.7 and 5.7 kgVSadded/m
3
.day for the reactors at 4 and 8 days HRT. The COD of 
the DAF-sludge was 157,000 mg/L instead of the usual 230,000 mg/L. 
 
 
Figure 6-3: Reactor content attached to the cap. 
  
Likewise to the reactors at 55°C, the reactors at 35°C showed similar biogas production trend. 
Reactors with longer HRT produced more biogas (10-20 mL/gVSadded.day) from day 25 to 80. 
However, a longer start-up period was observed for the reactors at 8 days compared to 4 days 
HRT. Days 84 to 100 and days 113 to 132 had more biogas (25 to 50 mL/gVSadded.day) than 
the usual average daily biogas production. This was due to the characteristics of DAF-sludge, 
which was slightly higher in COD but lower in TS and VS as compared to the other samples 
of DAF-sludge used. 
 
The response of first-phase and first-stage reactors to this shock in the strength of the feed 
varied. It was observed that biogas production in the first-phase reactors increased almost 
immediately, whereas the first-stage reactors showed a drop in production for few days 
followed by a gradual increase in production for around 10 days. This trend can be related to 
higher rate of hydrolysis of the waste material under thermophilic conditions compared to that 
at mesophilic conditions and that the first-phase reactors were overloaded, hence they 
performed better at lower loading. The first-stage reactors biogas production is a function of 
readily degradable organics, hence it reduced initially then increased indicating degradation of 
less degradable organics occurred.  
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Figure 6-4: pH profile of first stage reactors at 4 and 8 days HRT. 
 
The pH profile of the first stage reactors at HRT of 4 and 8 days is shown in Figure 6-4. 
During the first 10 days, a decrease of 1 pH unit was observed, which was associated with 
low biogas production. The pH was increased using NaOH and an improvement in biogas 
production was noticed. Similar to the first phase reactors, the high concentration of VA in the 
reactors of 4400-10,000 mg/L caused the drop in pH, which is known to limit the activity of 
the acidogenic bacteria, hence production of the biogas. 
 
The organic volumetric loadings applied in this experiment were much higher compared to 
some other published literature. The low biogas production in the first phase was expected 
because the purpose of this phase was to solubilise the wastes and little, if any, methane was 
produced (Demirer & Othman 2008). Higher temperature in the first phase of AD has been 
found to enhance waste solubilisation and this can be seen in the increase in soluble COD in 
the reactor contents as compared to soluble COD in the reactors that received DAF-sludge. 
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Figure 6-5:  Daily biogas production (mL biogas/gVS.day) of first stage reactors (35°C). 
Left: 4 days HRT reactors, Right: 8 days HRT reactors.  
 
6.2.2 Daily biogas production for second phase and second stage 
 
Figure 6-6A and Figure 6-6B present the daily biogas production from the second-phase 
reactors operated at HRTs of 10, 15 and 20 days, receiving feed from the first-phase reactors 
running at HRT of 4 days and 8 days, respectively. Figure 6-8A and Figure 6-8B present the 
daily biogas production from the second-stage reactors operated at HRTs of 15, 20 and 30 
days, receiving feed from the first-phase reactors running at HRT of 4 days and 8 days, 
respectively.  
 
The second-phase of the TPAD reactors showed a lag time of 15 days whereas the second-
stage reactors had a slightly higher biogas production for few days. The lag time in production 
displayed by the second phase reactors is most likely due to changes in the microbial 
community when transferred from thermophilic (55°C) into mesophilic (35°C) conditions. 
The absence of lag phase in the second-stage reactors supports this assumption. Further, the 
pH in the second-phase reactors dropped to less than 6 (Figure 6-7). During this period the pH 
of the feed was increased and was accompanied by increase in biogas production. After day 
20, the pH of the reactors remained constant for the remaining of the experimental period. 
Different to the second-phase reactors, the second stage reactors did not have a decrease of 
pH during the start-up period but remained between 6.5 and 7. This was expected as the feed 
for the first stage reactors have been adjusted with NaOH. However, it was preferable for pH 
range to be between 7.8 and 8.2 for the methanogens. 
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Biogas production in the second-phase reactors (Figure 6-6A) showed a cyclic trend. A close 
look at the daily gas production indicated that this trend was a factor of HRT, e.g. the duration 
of cycle increased with increased HRT. The second-stage reactors were more stabilised. 
Hence it is likely that the instability is in second-phase reactors is related to the presence of 
thermophilic anaerobes from first-phase reactors.  
 
Both of the biogas production graphs in Figure 6-6 had similar trends of longer HRT having a 
linear effect of biogas production. The biogas production averaged around 40-100 
mL/gVSadded.day at days 16-80 and 60-140 mL/gVSadded.day at days 81-118. Also after day 
100, reactors with 15 days HRT produced more biogas as compared to the ones with 10 and 
20 days HRT. From day 150 onwards, there was a decline of biogas production for most the 
reactors to about 20-60 mL biogas/gVSadded.day.  
 
 
Figure 6-6: Normalised daily biogas production in the second phase reactors receiving feed 
from first phase reactors operated at 55°C and (A) 4 days HRT (left) and (B) 8 days HRT 
(right). 
 
The reactors that received feed from first phase reactors at 8 days HRT show higher average 
biogas between 40 and 100 mL biogas/gVSadded.day as compared to the ones that received 
feed from 4 day HRT reactors (Figure 6-6B). Similarly (Figure 6-6B), there was an increase 
of biogas production to about 70-140 mL biogas/gVSadded.day at days 81-118. However, 
reactors at 10 days HRT for the second phase showed a sharp decline to about 20-30 mL 
biogas/gVSadded.day around day 145 onwards. Reactors at 15 and 20 days HRT still produced 
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the average biogas at about 40-80 mL biogas/gVSadded.day. This decrease was caused by the 
high VS content (42000 - 46000 mg/L) in the 10 days HRT reactors. Furthermore, the VA and 
NH3-N concentration of 7280-7400 mg/L and 1700-1900 mg/L, respectively. This indicated 
that inhibition of the AD process have taken place, which might be caused by accumulation of 
VA and NH3-N over a long period (Chen, Cheng & Creamer 2008). Based on this experiment, 
the optimum biogas production was about 23 days, which is less than the usual HRT 
mentioned in the literature. 
 
Similarly to the reactors at first phase, the decrease in biogas production during the first 15 
days for the second phase reactors was because of the decrease of pH to less than 6 (Figure 
6-7). When the pH increased back to above 6, the biogas production also increased. After day 
20, the pH of the reactors remained constant for the remaining of the experimental period. 
 
 
Figure 6-7: pH profile for second phase reactors at 10, 15 and 20 days HRT. 
 
For the second stage mesophilic AD, the reactors that received feed from 4 days HRT 
reactors, biogas production was around 15-25 mL biogas/gVSadded.day for about 75 days. 
Then there was an increase to about 30-100 mL biogas/gVSadded.day between days 76-100. 
This indicated that the TSAD require longer retention time for stabilisation, which was about 
70 days for the ones that received feed from 4 days HRT reactors. It was observed that at least 
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24 days are required as the reactors with 15 days HRT took almost 100 days to start 
producing more biogas. 
 
 
Figure 6-8: Daily biogas production (mL biogas/gVS.day) in the second stage reactors 
(35°C) at 15, 20 and 30 days HRT. Left: Reactors receiving from receiving feed from first 
stage reactors at 4 days HRT, Right: Reactors receiving from receiving feed from first stage 
reactors 8 days HRT. 
 
For the reactors that received feed from 8 days HRT reactors, biogas production was around 
10-18 ml biogas/gVSadded.day for about 50 days. Then there was an increase to about 20-50 ml 
biogas/gVSadded.day between days 55-100. As observed, with longer retention time, the biogas 
production is less as compared to the reactors that received feed from 4 days HRT reactors. In 
other words, shorter retention time is able to achieve higher biogas production would bring 
about the cost saving benefits. Based on this experiment, the optimum biogas production was 
about 24 days, similar to the ones with two-phase AD. 
 
Different to the second phase reactors, the second stage reactors did not have a decrease in pH 
during the start-up period but remained between 6.5 and 7. This was expected as the feed for 
the first stage reactors was adjusted with NaOH. However, a pH in the range between 7.8 and 
8.2 would be preferable for methanogens. 
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Figure 6-9: pH profile for second stage reactors at 15, 20 and 30 days HRT. 
 
6.2.3 Conventional, two-phase AD and two-stage AD. 
 
Three AD configurations, TPAD, TSAD, and conventional mesophilic AD were also 
evaluated in this experiment. Mesophilic completely mixed AD reactors were operated at 
HRT of 15, 20 and 30 days typically applied in practice (Table 6-4). Biogas production 
increased with the HRT. This was expected because of the high TS and COD content of DAF-
sludge, longer retention time was required for the digestion process. The biogas production 
results from day 106 shown in Figure 6-8 show the biogas production at conventional 
mesophilic conditions. The biogas trend obtained were opposite of the TSAD, where reactors 
at 30 days HRT produced the most biogas (slightly above the 20 mL/gVSadded.day mark). This 
was expected as the value used for industrial wastes with high solids is typically 30 days 
(Sakar, Yetilmezsoy & Kocak 2009). This was followed by 20 day (around the 20 mL 
biogas/gVSadded.day mark) and 15 days HRT (less than 20 mL biogas/gVSadded.day). The 
quality of biogas was also evaluated, which can be seen in Table 6-1. There was not much 
difference on the methane production because the effect of temperature on methane 
production rate was more noticeable at short retention time (Angelidaki, Ellegaard & Ahring 
2003). The performance of these processes in terms of COD, TS and VS removal will be 
discussed in the following section. 
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Comparing first-phase and first-stage reactors performance in terms of normalised biogas 
production during the periods when equal organic loadings were applied, it was observed that 
first phase reactors produced around 20% more biogas. Angelidaki, Ellegaard & Ahring 
(2003) found that the methanogenic rate increased 5.6 times when the temperature was 
increased from ambient temperature to 40°C. Thus in this experiment, it was seen that 6-8 
times more biogas was seen in TPAD reactors when compared to conventional one phase AD. 
In addition to the slight enhancement to biogas production, the thermal conditions in the first 
phase were associated with a 2-4% higher TS removal but no effect on VS and COD removal 
was observed. Further, the first-phase reactors showed more stability in their performance 
compared to the mesophilic reactors. This can be attributed to the high TS concentration of 
the DAF-sludge and high concentration of fat and oil. The effluent from mesophilic reactors 
was very viscous which affected the consistency of the effluent wasted daily. The contents 
from the first-phase reactors were less viscous. 
 
Comparing biogas volume in Figure 6-6 and Figure 6-8, it was obvious that two-phase AD 
performed much better as compared to the TSAD. For example on day 50, second phase 
reactors at 20 days HRT (with feed from 4 days HRT at 55°C) produced 100 mL 
biogas/gVSadded.day for two-phase AD whereas at similar condition for TSAD, the biogas 
produced was only about 25 mL biogas/gVSadded.day. This showed that with higher 
temperature in the first phase, it would improve the biogas production to about 4 times, which 
was also agreed by (Angelidaki & Ahring 2003). Taking day 100 as another example, second 
phase reactors at 20 days HRT (with feed from 4 days HRT at 55°C) also produced the most 
biogas of approximately 180 mL biogas/gVSadded.day, which was 1.5 times more than the 
reactors at 20 days HRT (with feed from 4 days HRT at 35°C). 
 
With longer retention time in the first phase (55°C), similarly the reactors at second phase 
with 20 days HRT on day 50 produced biogas of 110 mL biogas/gVSadded.day, showed an 
improvement as compared to 4 days HRT. On the other hand, longer retention time in the first 
stage showed a reverse effect on biogas temperature.  
 
Table 6-1 shows the average values of CH4 obtained during the course of experiment. It can 
be seen that there is no significant difference in terms of biogas composition for different AD 
process configuration. 
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Table 6-1: The average values of CH4 obtained during the experiment. 
 
  CH4 (%) of biogas  
Conventional mesophilic  66-69±10.3 
TSAD  63-79±11.4 
TPAD  61-69±5.0 
 
The average daily biogas production for the conventional, TPAD and TSAD are shown in 
Figure 6-10. Figure 6-10A shows the average daily biogas at HRT of 15, 20 and 30 days for 
conventional mesophilic AD reactors. When mesophilic first stage was introduced, it can be 
seen that the daily biogas production improved approximately 10-15 mL biogas/gVSadded with 
days 60-120 showing higher biogas (Figure 6-10C). This was due to the lower strength of 
DAF-sludge as feed, resulting in lower organic loading. The various organic loading that was 
introduced to the first phase and first stage reactors for each AD process configuration with 
the total HRT can be seen in Figure 6-11. 
 
When comparing the biogas from reactors that were subjected to thermophilic reactors in the 
first phase (Figure 6-10B), the average daily biogas was obviously much higher. Taking total 
HRT of 19 days for the period of days 91-120, the daily biogas was 120 mL/gVSadded whereas 
the TSAD reactor with total HRT of 19 days and same period, biogas production was only 45 
mL/gVSadded. Take another period of 61-90 days for example, the daily biogas was 80 
mL/gVSadded whereas the TSAD reactor with total HRT of 19 days and same period, biogas 
production was only 15 mL/gVSadded. This clearly showed the importance of thermophilic 
temperature in the first phase, which can significantly improve the daily biogas production. 
 
Another observation between the TPAD and TSAD reactors was the different organic loading 
introduced to the reactors had an affect on the biogas production. The organic loadings for 
reactors with 4 days and 8 days HRT in the first phase and first stage reactors were 22.7 and 
9.5 kgVS/m
3
.day for 40 days, (period of 30-70 days) respectively. This high loading was 
reflected on the low biogas production as observed in Figure 6-10. When the organic loading 
was halved during the period of 71-77 days, an improvement of biogas production for all the 
reactors were observed. This explained that the reactors were acclimatised to the loading and 
were not overloaded. Even when higher loadings of 20 and 13 kgVS/m
3
.day were introduced 
to reactors with 4 days and 8 days HRT in the first phase reactors during the 91-120 and 121-
150 days period, the biogas production continue to remain high. 
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Figure 6-10: Average daily biogas for A) conventional AD; B) TPAD and C) TSAD. 
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Figure 6-11: Organic loading for A) conventional AD; B) TPAD and C) TSAD. 
 
0
5
10
15
20
25
0 10 20 30 40
O
rg
a
n
ic
 l
o
a
d
in
g
 
(k
g
V
S
/
m
3
.d
a
y
) 
Period 
A) Organic loading for Conventional AD 
Day 115-147
Day 148-180
0
5
10
15
20
25
0 10 20 30
O
rg
a
n
ic
 l
o
a
d
in
g
 
(k
g
V
S
/
m
3
.d
a
y
) 
Period 
B) Organic loading for TPAD 
Day 30-50
Day 51-70
Day 71-77
Day 78-91
Day 92-114
Day 115-147
Day 148-180
0
5
10
15
20
25
0 10 20 30 40
O
rg
a
n
ic
 l
o
a
d
in
g
 
(k
g
V
S
/
m
3
.d
a
y
) 
Period 
C) Organic loading for TSAD 
Day 30-50
Day 51-70
Day 71-77
Day 78-91
Day 92-114
 76 
6.2.4 Process performances  
 
The performances of the different AD processes were determined based on COD (both 
total and soluble), TS and VS removal as well as analysis of quality parameters regulated 
under Trade Waste Act. The concentration of NH3-N, PO4
3-
 and VA in the reactors was also 
monitored to establish relationships between these parameters, being known for their potential 
inhibitory effects on and the performance of the AD reactors.  
 
The results from the different reactors over the duration of the experiment showed few 
obvious trends. Concerning the TPAD, increasing HRT, organic loading ranged from 30 to 20 
kgVS/m
3
.day was associated with decreased COD and TS removal. In terms of biogas 
production, the best retention time lies between 23 and 28 days. Another trend observed in the 
TSAD was that when HRT increased, biogas production reduced. COD and TS removal also 
decreased. This may propose that 20 day HRT for TSAD give the optimum results for biogas 
production and the removal of COD and TS. 
 
Biogas production using conventional mesophilic AD increases with longer retention time. 
This was expected because with the high TS and COD content of DAF-sludge, longer 
retention time was required for the digestion process. Even though shorter retention time was 
favourable in TSAD as compared to longer HRT for TPAD, the quantity of biogas produced 
in the two-phase was significantly more. 
 
Table 6-3, Table 6-4 and Table 6-5 show the overall performance of the reactors at days 65, 
104 and 118 of the experiment duration. The solids removal observed were also similar to 
other studies on the AD of slaughterhouse wastes which was between 27-46% (Beux, Nunes 
& Barana 2007). The lower solid removal rates were expected as DAF-sludge is high in 
protein and carbohydrates and cannot be completely degraded during the anaerobic treatment 
(Khanal 2009). It was seen that the COD removal with TS and VS removal do not show any 
obvious correlation.  
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Table 6-2: Overall performance of reactors at day 65 of the experiment duration. 
 
 Organic loading  Performance 
Total 
HRT 
(d) 
OL 1P 
(kgVS/m
3
.day) 
OL 2P 
(kgVS/m
3
.day) 
Total 
biogas (m
3
 
biogas/ton
VSadded) 
*COD 
removal 
% 
**TS 
removal 
% 
**VS 
removal % 
14 27.43 8 82.3 88.9 41.6 42.1 
18 17.14 8.3 68.4 88.8 57.8 57.5 
19 27.43 5.3 104.8 88.9 50.1 49.6 
23 11.43 5.2 104.2 88.3 47.9 54 
24 27.43 4.3 117.9 88.9 55.3 55.6 
28 11.43 4.2 120.9 88.6 41.5 42.3 
19 13.71 1.6 49.1 85.8 43.1 49.1 
23 5.71 1.7 44.9 82.9 38.4 44.9 
24 13.71 1.3 47.5 84.8 39.9 47.5 
28 5.71 1.3 40.7 84.1 33.5 40.7 
34 13.71 1 46.8 84.6 39.6 46.8 
38 5.71 1 40 82.9 32.3 40 
Note: Area shaded in purple (Total HRT from 19 to 38 days) shows the overall performances 
for TSAD reactors, white is the TPAD reactors. 
* Based on influent total COD and effluent soluble COD 
** Based on influent TS or VS and effluent TS or VS 
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Table 6-3: Overall performance of reactors at day 104 of the experiment duration. 
 
 Organic loading  Performance 
Total 
HRT 
(d) 
OL 1P 
(kgVS/m
3
.day) 
OL 2P 
(kgVS/m
3
.day) 
Total 
biogas (m
3
 
biogas/ton 
VSadded) 
*COD 
removal 
% 
**TS 
removal % 
**VS 
removal 
% 
14 20.11 3.93 77.3 94 61.7 63.9 
18 15.08 3.54 78.1 93.7 60.7 61.5 
19 20.11 2.39 100.5 94.2 60 62.3 
23 10.06 2.26 97 94.1 60.5 63.9 
24 20.11 2.02 101.6 93.4 55.7 57.8 
28 10.06 1.67 82.3 94.1 51.6 52.8 
19 20.11 2.39 89.3 92.2 56.9 62.1 
23 10.06 2.35 48.6 93 53.8 57.3 
24 20.11 1.85 54.1 92.7 51.9 55.2 
28 10.06 1.71 54.8 92.5 54.3 60.8 
34 20.11 1.47 53.5 92.6 54 59.7 
38 10.06 1.42 43.1 92.4 52.3 57.3 
* Based on influent total COD and effluent soluble COD 
** Based on influent TS or VS and effluent TS or VS 
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Table 6-4: Overall performance of reactors at day 118 of the experiment duration. 
 
  Organic loading   Performance 
Total 
HRT 
(d) 
OL 1P 
(kgVS/m
3
.day) 
OL 2P 
(kgVS/m
3
.
day) 
Total 
biogas (m
3
 
biogas/ton 
VS added) 
*COD 
removal
 % 
***CODt 
removal 
% 
**TS 
removal 
% 
**VS 
removal 
% 
14 20.30 4.94 90.7 93.6 41.2 53.5 55.1 
18 12.69 5.02 76.4 92.7 37.3 49.6 48.6 
19 20.30 3.47 98.4 92 44 51.5 52.5 
23 8.46 2.98 103.4 92.3 46.9 45 45.9 
24 20.30 3.13 82.9 92.6 44.8 53.7 54.7 
28 8.46 2.39 115.8 91.8 36.1 42.5 43.5 
15 5.08 - 14.9 91 31.9 52.1 56.7 
15 5.08 - 10.4 85.6 31.8 45.8 51.4 
20 3.81 - 10.7 89.8 36.5 46 51.6 
20 3.81 - 12.1 89.9 35.6 45.6 50.7 
30 2.54 - 18.4 91.2 31.8 45.6 50.5 
30 2.54 - 18.5 89.3 40.6 47.4 52.3 
Note: Area shaded in blue (Total HRT of 15, 20 and 30 days) shows the overall performances 
for conventional mesophilic reactors, white is the two-phase reactors. 
 
* Based on influent total COD and effluent soluble COD 
** Based on influent TS or VS and effluent TS or VS 
*** Based on influent total COD and effluent total COD 
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6.2.5 Summary of findings 
 
Conventional mesophilic AD performed better at longer retention day of 30 days and 
loading of 2.5 kgVS/m
3
.day, producing 0.018 m
3
 biogas/kgVSadded. The benefits from TPAD 
are more obvious when compared to TSAD or conventional AD. From the long term 
experiment in this chapter, it can be seen that many factors affect the performance of biogas 
production. The feedstock itself, as well as operating conditions such as retention times and 
organic loadings has their own significant role. For example, it is undeniable that higher 
loading produced more biogas, but when the loading was halved, the biogas produced was not 
halved but was still relatively high. This showed that lower loadings of 9-11 kgVS/m
3
.day and 
retention time of 23 days are favourable for the AD of DAF-sludge at two-phase conditions 
yield about 0.1 m
3
 biogas/kgVSadded. On the other hand, at similar retention time and organic 
loading with TSAD condition, biogas yield was between 0.045-0.05 m
3
 biogas/kgVSadded. 
This is still an improvement when compared with the conventional mesophilic AD. 
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6.3  Digestate Quality 
6.3.1 Spectrophotometry analysis 
 
The digestate quality for fertiliser application can be analysed using HACH 
spectrophotometer. Total nitrogen (TN), NH3-N, P2O5 and PO4
3-
 analysis were conducted on 
the digestate samples from the AD reactors. Duplicate samples were obtained on day 118 for 
digestate quality analysis. The organic loadings for the first phase, second phase and 
conventional mesophilic were 8.5, 3 and 3.8 kgVS/m
3
.day. These samples were centrifuged 
for 20 min at 4.4 rpm. The supernatant was then removed. The digestate obtained was diluted 
with water to allow for measurable range. 
 
Table 6-5: TN, NH3-N and PO4
3-
 analysis of digestate. 
 
Formula Samples 
 
First phase 
(mg/L) 
Second phase 
(mg/L) 
Conventional 
mesophilic (mg/L) 
PO4
3-
 (mg/L) 9649 3983 3473 
P2O5 (mg/L) 6967 2876 2507 
TN (mg/L) 6175±35 5800±71 5275±177 
NH3 (mg/L) 7600±71 7100±0 6400±212 
 
Table 6-5 shows the PO4
3-
, P2O5, TN and NH3 analysis of each samples. It can be seen that there was 
a decrease of phosphate and phosphorus from the first phase to the second phase AD reactors. On the 
other hand, nitrogen levels remained similar in all the samples. As a summary for this section, the 
results obtained can be used as indication only for this particular experiment. More investigation has to 
be developed for the technique for digestate analysis.  
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6.3.2 FTIR analysis 
 
FTIR analysis was used to analyse the transformation in the organic matter at the end 
of the AD process. FTIR is a quantitative tool to determine the chemical groups making up 
the anaerobic digestate structures. FTIR is also used as a tool to prove that a reduction in 
volatile content and aliphatic structures of wastes along with an increase in the aromaticity 
degree during the digestion process (Cuetos et al. 2009). Samples used in this analysis were 
obtained from the TSAD, TPAD and conventional AD reactors. 
 
The blue line in Figure 6-12 represents the spectra of the raw DAF-sludge and the red line 
represents the spectra of the digested sample from second phase reactor operated at a total 
HRT of 15 days (first phase HRT = 4 days & second phase HRT = 10 days). Bands associated 
with fats and lipids such as C-H stretching at 2920 cm
-1
 and at 2851 cm
-1
 in these digested 
samples decreased after anaerobic stabilisation when compared to raw waste, indicating that 
there has been a change in the structure of the aliphatic compounds.  
 
Similarly, Cuetos et al (2010) reported that fats concentration in the raw feed were reduced 
after AD and concluded that the fates were used as a carbon source.  
 
Figure 6-12: FTIR spectra - raw DAF-sludge sample and final digestate after second phase. 
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When organic matter stabilisation takes place, readily oxidable compounds are degraded, the 
volatile content of wastes is reduced and the degree of aromaticity increases (Cuetos et al. 
2009). Intense absorbance at 1641, 1565 and 1440 cm
-1
 show microbial decomposition of 
wastes and formation of certain aromatic compounds. Peaks with absorbance intensity around 
1730, 1641 and 1035 cm
-1
 (relate to carbohydrates, aromatic ethers and polysaccharides) 
sugggests the existence of organic matter available for microorganisms. The peak at 1630 cm
-
1
 (related to primary amides) increased markedly after the anaerobic process. The high 
intensity of absorption bands at 1450 and 1400 cm
-1
 were consequence of aliphatic C-H 
deformation of fats and lipids (Cuetos et al. 2010). Table 6-6 shows a comparison of 
wavelengths showing the different bonds present in the samples studied in this thesis and in 
literature. Similar wavelengths were observed between the samples in literature and DAF-
sludge sample in this study. 
 
Table 6-6: Comparison of wavelengths showing the different bonds present in the sample in 
this study and literature. 
DAF-sludge 
sample 
This study 
 (cm
-1
) 
Slaughterhouse 
waste sample 
Literature  
(cm
-1
) 
Assignment 
3277 3300-3500 Hydrogen vibration of the OH groups of alcohols, 
phenols and organic acids, amide hydrogen 
vibrations 
2850 and 2920 3000-2800 Aliphatic C-H stretching 
1723 1730 Esters from carbohydrates 
1627 1630 Primary and secondary amides 
1544 1540 C=H stretching in secondary amides 
1465 1460-1440 Aliphatic C-H deformation 
1042 1020-1070 Vibration in carbohydrates, aromatic ethers and 
polysaccharides 
718 720 Amine groups 
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6.3.3 Elemental analysis 
 
The elemental composition of a sample can be determined using XRF. XRF systems 
determine the elemental composition of a material and provide a full qualitative and 
quantitative analysis. It works by directing X-rays at a sample, and the atoms in the sample 
absorb the X-ray energy. The elements in the sample then emit X-rays, which are the 
characteristics for each element. The system collects the X-rays, and the software analyses the 
resulting data to determine the elements that are present (Bruker 2012). 
 
Table 6-7 summarises the elemental analysis of digestate from the AD of raw DAF-sludge 
using TSAD and TPAD (experiment discussed in Chapter 6). The two main elements to 
determine the digestate quality are K2O and P2O5. The concentration of P2O5 in the digestate 
from DAF-sludge in this work was similar to the values published in the literature for 
digestate from wastes using AD processes. However K2O values are slightly lower. The 
relatively high N content and P2O5 of the digestate was due to blood as feedstock. 
 
There was an increase in P2O5 and K2O concentration in the digestate compared to the raw 
DAF-sludge. This was similar to the work reported by ADAS UK Ltd & SAC Commercial 
Ltd (2007). 
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Table 6-7: Elemental analysis of digestate of DAF-sludge treated using TSAD and TPAD 
processes (concentration as %). 
Formula Z (atomic number) Samples 
  
Raw DAF-
sludge 
First phase 
(55°C) 
 
Second 
phase 
 
TSAD 
(second 
stage) 
Al2O3 13 0.336 0.499 0.545 0.828 
BaO 56 - - - 0.146 
CaO 20 0.688 0.91 1.05 1.28 
Organic 6 94 88 86 78 
Cl 17 0.652 0.741 0.631 0.704 
Fe2O3 26 0.583 3.49 4.31 4.36 
K2O 19 0.517 0.529 0.728 1.37 
MgO 12 - - 0.355 0.872 
Na2O 11 - 2.31 2.81 6.94 
P2O5 15 1.57 1.4 1.31 2.17 
SiO2 14 0.303 0.522 0.655 1.21 
SO3 16 1.1 1.19 1.14 1.46 
SnO2 50 - - - 0.114 
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Table 6-8: Comparison of digestate analysis for two centralised AD plants (ADAS UK Ltd & 
SAC Commercial Ltd 2007). 
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6.4  Energy Calculation 
 
The amount of energy that can be generated from biogas, referred to in this thesis, as 
energy yield was determined based on average daily biogas from days 100 to 150. Energy 
from biogas was calculated assuming that 1 m
3
 CH4 = 10.4 kWh (Davidsson et al. 2007). 
Biogas usually contains 65-75% methane and hence, 0.7 is taken as average in this 
calculation. The table below shows the energy available from the AD of DAF-sludge of 
industry B at various HRTs. 
 
Table 6-9: Energy available for TPAD and various HRTs. 
 
Reactors based on 
total HRT (days) 
for TPAD 
Average daily 
biogas production 
from days 100 to 
150 (m
3
/kgVS.day) 
Average daily 
methane production 
(m
3
 CH4/kgVS.day) 
Energy available 
(GWh/kgVS.day) 
14 (with 4 days 
HRT in first phase) 
78 54 0.56 
19 (with 4 days 
HRT in first phase) 
108 76 0.79 
24 (with 4 days 
HRT in first phase) 
99 69 0.72 
18 (with 8 days 
HRT in first phase) 
70 49 0.51 
23 (with 8 days 
HRT in first phase) 
117 82 0.85 
28 (with 8 days 
HRT in first phase) 
126 88 0.92 
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Table 6-10: Energy available for TSAD and various retention times. 
 
Reactors based on 
total HRT (days) 
for TSAD 
Average daily 
biogas production 
from days 100 to 
130 (m
3
/kgVS.day) 
Average daily 
methane production 
(m
3
 CH4/kgVS.day) 
Energy available 
(GWh/kgVS.day) 
19 (with 4 days 
HRT in first phase) 
36 25 0.26 
24 (with 4 days 
HRT in first phase) 
27 19 0.2 
34 (with 4 days 
HRT in first phase) 
34 24 0.25 
23 (with 8 days 
HRT in first phase) 
22 15 0.16 
28 (with 8 days 
HRT in first phase) 
25 18 0.19 
38 (with 8 days 
HRT in first phase) 
29 21 0.21 
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7 CONCLUSION 
 
The wastewater generated at meat processing and rendering industries are referred to in 
this study as paunch, pre-DAF, DAF-supernatant, DAF-sludge and DAF-mixture.  
 
Batch AD of pre-DAF, DAF-supernatant, DAF-sludge and DAF-mixture from industry B, i.e. 
at OLs of 1.3, 0.1, 7.5 and 3.8 gCOD/gVS, respectively, showed biogas production yield of 
0.38, 0.15, 0.076 and 0.19 m
3
 biogas/kgVSadded, respectively. These batch tests were 
conducted over a period of 28 days. The yield observed was proportional to the OL applied. It 
was found that the waste to seed ratio of 30:70 was only suitable for pre-DAF and DAF-
supernatant, which had low initial total solids of 20,000 and 4000 mg/L, respectively. The 
concentration of NH3-N ranged from 1500-2000 mg/L, which are below the threshold 
reported as inhibitory to AD. Therefore, the slow biogas production and the lower yield at 3.8 
gCOD/gVS compared to 2.5 gCOD/gVS could be due to the presence of toxic and/or 
inhibitory constituents in the DAF-sludge.  
 
AD of pre-DAF, DAF-supernatant, DAF-sludge and DAF-mixture were conducted using 
TPAD and TSAD. The first-phase and first-stage reactors were tested at HRT of 2 and 4 days. 
The TPAD was more effective in terms of biogas production and methane yield compared to 
TSAD. The results also indicated that the characteristics of the waste material play a major 
role in the effectiveness of AD and the quantity of biogas produced. The reactors that received 
DAF-supernatant, at 0.134 gCOD/gVS, which is approximately 10% of the loading in the 
reactors that received pre-DAF, at 1.34 gCOD/gVS, showed 55% and 220% more biogas 
production at 35ºC and 55ºC, respectively, than those that received pre-DAF.  
 
The AD of DAF-sludge generated by industry A showed a yield of 0.36, 0.33, 0.37 and 0.53 
m
3
 biogas/kg VSadded at OLs of 0.8, 1.7, 2.6 and 3.4 gCOD/gVS using batch tests over 60 
days. The AD of paunch of industry A at OL of 1.9 and 3.9 gCOD/gVS showed a biogas 
production yield of 0.29 and 0.39 m
3
 gas/kgVSadded, respectively.   
 
The TPAD of pre-DAF of industry A at 8 days HRT in the first-phase and 14 days batch BPP 
showed a total CBP of 0.54 m
3
 biogas/kg VSadded (including both phases) and COD removal 
of 46%. These results show an enhancement of 50% in CBP and at least 10% in COD 
removal when compared to batch AD. Results showed that HRT as long as 30 days was 
required for conventional AD. AD of DAF-sludge generated at industry B, at OLRs of 5.0, 
 90 
3.8 and 2.5 kgVS/m
3
.day, corresponding to 15, 20 and 30 days HRT, using conventional AD, 
showed an average daily biogas production of 0.017, 0.022 and 0.025 m
3 
biogas/kgVSadded. 
The results showed that HRT as long as 30 days was required for conventional AD. The AD 
of DAF-sludge using TSAD and TPAD was investigated at HRTs of 19 to 38 days for a 
period of 8 months. Biogas production using TPAD was 5-8 times higher than that obtained 
using conventional AD at similar HRT (e.g. 15 and 20 days). Higher biogas production and 
slightly better TS removal are likely to be due to the thermophilic conditions in the first-
phase. The methane content observed for both conventional AD and TPAD ranged from 50% 
to 60%. The results also showed an improvement in biogas production in all the AD reactors 
subjected to approximately 50% reduction in the organic loading, e.g. from 23 to 11.5 kg 
VS/m
3
.day, for about one week. The higher biogas production during this period indicated 
that the anaerobic microorganisms in the reactors were acclimatised to the high loading, yet 
were overloaded. Also, the results showed that the digesters can recover, from short exposure 
to shock reductions in organic loadings, within few days.  
 
To conclude, there is a good potential for renewable energy production in the form of biogas 
from meat wastes generated by industry A and B tested in this study. Also, TPAD is more 
effective than conventional AD for the digestion of the wastes tested in this study.   
 
Future Research Recommendations 
 
This research investigated different AD process configurations for the AD of DAF-sludge. 
Although the results showed that higher biogas production can be obtained from TPAD 
compared to conventional AD, the COD removal was low. Hence, there is still potential for 
future research to improve the biodegradability of DAF-sludge, e.g. co-digestion or pre-
treatment of DAF-sludge. Extensive research on pre-treatment of meat wastes before it is 
subjected to AD has been carried out. However, there is limited literature on the pre-treatment 
of DAF-sludge. 
 
Another issue that was not addressed herein is the proteins and the fats, oil and grease (FOG) 
content of the DAF-sludge. Understanding the effect of FOG on AD performance has the 
potential to significantly improve biogas production and minimise the possibility of 
inhibition. 
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9 APPENDICES  
Appendix A Characteristic of DAF-sludge used throughout the 8 months. 
 
 17-May 26-May 07-Jun 06-Jul 11-Aug 31-Aug 07-Sep 21-Sep 14-Oct 16-Nov 30-Nov 
Parameters            
pH 5.7 5.52 5.89 - 5.48 5.51 5.62 5.7 5.65 5.92  
TS (mg/l) 90424 219611±23177 93214±1313 - 114200±2121 45000 88667 83500 121295 107250±4243 126250 
TVS (mg/l) 80396 204271±22068 85286±1616   102850±2192 41333 76667 75417 108773 92083±3653 118750 
CODt (mg/l) 226000 409900 206300±7778 212600 263200±7637 123800±2828 156800 203800 239300 270600 326000 
CODs (mg/l) 9520 16800 21100±990 - - 4952 - - - - - 
T-PO4
3-
 (mg/l) 3580 - - - - - - - - - - 
T NH3-N (mg/l) 894 - - - - 356 1512 - - - - 
VA (mg/l) 2968 - - - - - - - - - - 
 
 
 
